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Phosphorus is essential mineral required for normal growth and development 
of the body. Specifically, phosphorus is important in many body functions including acid-
base balance, muscle metabolism, and intermediary metabolism of carbohydrates, fats, 
protein, and nucleotides. Adequate dietary Pis required for normal function and 
development. Furthermore, inadequate dietary intakes of P, Ca, and/or vitamin D will result 
in depressed growth, decreased efficiency of feed utilization, and impairment of bone 
mineralization in pigs. Therefore, meeting or exceeding the pig's dietary P needs is important 
to maximize production. 
One of the most important functions of P is the mineralization of bone and skeletal 
development. However, muscle has a relatively high P content when compared with fatty 
tissue. A logical hypothesis may be formed that an animal that is developing and accruing 
muscle mass rapidly requires more dietary P for body protein accretion than an animal that 
has a slow rate of growth with lower rates of protein accretion and high relative rates of fat 
deposition. Therefore, the objective of the first experiment in these writings is to determine 
the dietary P needs of high lean pigs. 
Although supplying the pig with dietary P above the pig's needs is commonly done in 
an effort to maximize production and efficiency, environmental concerns about excess P 
have increased the United States in recent years. Government regulations are beginning to be 
imposed on the total amount of P and/or N that can be applied to land, natural manure and 
concentrated fertilizer. Minimizing P and N excretion from swine farms is a realistic solution 
to the potential environmental contaminates. 
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A primary source of dietary P fed to pigs is found in the plant material and bound in 
the phytate form, which is mostly unavailable for absorption by the pig because of the lack of 
endogenous phytase secretion that would liberate the P and increase availability. In order to 
supply the pig with sufficient dietary P, supplemental P is commonly provided in the 
inorganic form that does not require phytase for digestion and absorption. During times when 
the dietary P requirement is high, such as the young pig, a majority of the absorbed P is from 
the inorganic source while that of the organic sources is primarily excreted into the fecal 
matter without being digested. Therefore, providing the pig a highly available source would 
reduce fecal P excretion. Furthermore, supplying dietary P to meet the pig's requirement 
without exceeding the requirement would minimize any excess urinary P excretion. 
Providing a source of P that is 100% available and at amounts that meet and do not exceed 
the pig's requirement would minimize total P excretion from the pig. Therefore, the objective 
of the second experiment in these writings was to determine the minimum biological capacity 
for phosphorus excretion in pigs expressing maximum accretion of proteineous tissue. 
The following writings will consist of a review of the past and recent literature 
concerning dietary phosphorus needs and P excretion of pigs. The following two chapters are 
articles written for submission for peer-reviewed publication. The first article addresses the 
dietary available P needs of pigs. The second article includes an experiment to determine the 
minimum biological capacity for P excretion in pigs. Conclusions are stated in the final 
chapter of these writings. 
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CHAPTER 2. LITERATURE REVIEW 
Phosphorus in the environment 
Over the past several years, pork production has become more intensified in certain 
loactions consisting of more animals produced per unit of land area than ever before. The 
presence of these highly intensified pig farms has raised concerns over the possible effects of 
phosphorus (P) on the environment. For example, undigested dietary P and digested P not 
utilized by the pig is excreted via feces and urine, respectively. In the highly intensified pig 
farms the amount of these nutrients produced have a greater opportunity to exceed the 
requirements of the surrounding land. Therefore, excess nutrient may accumulate in the soil 
and/or leach into water sources potentially increasing the risk of contamination. 
Environmental concerns can be divided into three categories: soil, water, and air. 
However, the following writings will only address environmental concerns about Pin pig 
excreta, both urine and fecal material, that affect both soil and water. As mentioned 
previously, excess nutrients such as P may accumulate in the soil. In certain situations, 
phosphorus can be transported through the soil or enter run-off water resulting in the 
potential contamination of ground water and fresh-open water sources. In the environment, 
phosphorus is the limiting nutrient required for phytoplankton growth. Therefore, increased 
concerns have been raised about the possible P accumulation in surface water required for 
excess phytoplankton growth, ultimately resulting in eutrophication. Eutrophication of water 
decreases oxygen availability transparency, changes, in biodiversity, and the use of water for 
recreational purposes. (Oglesby and Schaffer, 1975). Concentrated populations oflivestock, 
such as modem, intensified pig farm, have been suggested as a possible source of excess P in 
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the environment. In an effort to decrease P accumulation in the environment, national 
governments have started imposing limitations on total P application to land. 
W estem European countries have been the most progressive in investigating 
environmental concerns and declaring governing policies about P animal waste and the 
subsequent accumulation in soils. Therefore, reviewing Europe's experiences with nutrient 
management would prove beneficial in understanding how environmental conditions and 
animal agriculture coexist. In the Netherlands, P accumulates in the soil because the amount 
of P applied to land in the form of animal waste and fertilizers exceed the requirement of the 
crop, assuming crops require an average of 50 kg of P20 5 (21.9 kg P) per hectare. A mineral 
imbalance indicated by increased concentrations of P within the ecosystem was discovered in 
The Netherlands in the early 1970's (fongbloed and Henkens, 1996), although legislative 
action was not enacted until 1984. In 1984, legislation set forth P limitations in ground and 
surface water at 0.10 mg of ortho-P per liter and inhibited all poultry and pig expansion. 
Specifically, the amount of animal manure application on land was limited by the 
concentration of Pin the manure, the type of soil, and the amount of non-manure fertilizer 
applied to the land. In 1990, P application was limited to 250, 125, and 350 kg of P20 5 /ha on 
grassland, arable land, and com silage, respectively. The limit on P application on land has 
decreased over time to 135, 110, and 110 kg of P 20 5 per hectare, respectively (Jongbloed et 
al., 1999). France has enacted a limit of 43.8 kg P per hectare, while Denmark limits the 
number of animal units per land area. Over time, the limitations on P application have 
become more stringent in an effort to minimize the accumulation of P in the soil. Therefore, 
pig farmers are being encouraged to develop strategies that will result in a reduction in P 
excretions from the pigs. 
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As for nutrient regulations in the United States, legislation is enacted and regulations 
are mandated at the state level. Therefore, not every state has limitations on N and/or P 
output from agricultural entities. The Attorney General of North Carolina and Smithfield 
Foods, Inc., currently the second largest pig producing state and the largest individual pork 
producer in the in the United States, respectively, have entered a contract in effort to 
effectively minimize animal waste and odor from the agricultural sector. In this instance, the 
producers and the governing bodies are working together to solve the potential problem 
associated with excess animal waste. 
Many approaches are available to decrease P excretion from pig farms. Two main 
approaches have been investigated, processing the excreted product or decrease the amount 
of product excreted. Belt systems, which separate urine and feces, have been proposed as a 
possible solution. The dry fecal matter would be processed through a gasifier to produce fuel 
grade ethanol while the remaining inorganic matter could possibly be used as a dietary source 
of minerals and or applied to land as a source of fertilizer. However, dietary manipulation is 
one of the most effective and efficient approaches toward decreasing P excretion from the 
pig. Before investigating the role of nutrition in decreasing P excretion, an understanding of 
the fundamentals of P nutrition should be addressed. The following review will investigate 
the role of P in the body, P homeostasis, P excretion, and dietary factors that influence P 
retention and excretion. 
Phosphorus in the body 
Phosphorus distribution 
Phosphorus is found in every cell within the body. Eighty to eighty-five percent of 
body Pin animals is found within bones in the form ofhydroxyappitite crystals. The bone of 
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a growing pig (20 kg) accounts for 8.4 % of the total body weight and contains 82 grams g of 
P and 166 g of Ca (Dressler, 1971). Whereas, a 100 kg pig consists of approximately 6.0% 
skeleton by weight, which is composed of approximately 331 g of P and 680 g of Ca 
(Dressler, 1971). Therefore, Ca and P deposition is essential for skeletal growth and a 
constant calcium to phosphorus (Ca:P) ratio of slightly higher than 2: 1 in bones is maintained 
throughout growth and development. The Ca and P content in the whole body at various 
stages of the pig's development are depicted in Table 1. 
Table 1. Total body Ca and P content of growing pigsa. 
Pig bodyweight, kg 
Sex 26 47 66 85 109 
Male 
Ca, g 204 334 525 615 756 
P,g 137 229 351 412 471 
Ca:P 1.49 1.46 1.50 1.49 1.61 
Female 
Ca, g 206 298 501 581 819 
P,g 139 201 334 383 494 
Ca:P 1.48 1.48 1.50 1.52 1.66 
aHendriks and Moughan, 1993. 
These data indicate that the whole body Ca:P ratio remains relatively constant at 
approximately 1.5:1. The Ca concentration of skeletal muscle and soft tissues (skin, viscera, 
etc.) is relatively low, ranging from 150 to 250 mg total P per 100 g fresh muscle weight, 
thus diluting the 2: 1 Ca:P ratio present in bone. Additionally, whole blood contains 
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approximately 35 to 45 mg P/dl, while serum contains 8-l0mg P/ml in the inorganic form 
(Ullrey et al., 1967). Thus, P is widely distributed throughout the body, which indicates its 
importance in several biological functions. 
Biological functions 
Phosphorus has more physiological and biochemical functions than any other 
element, which would explain its abundance and distribution in the body. Phosphorus is 
essential in many body functions including acid-base balance, muscle metabolism, and 
intermediary metabolism of carbohydrates, fats, protein, and nucleotides. For example, Pis a 
component of high-energy phosphates adenosine triphosphate(ATP), adenosine diphosphate 
(ADP), creatine phosphate, low-energy phosphates (glucose-6-phosphate ), nucleic acids, and 
phospholipids. Phosphorus is also involved in protein synthesis via ribonucleic acid 
(RNA)and deoxyribonucleic acid (DNA) and is a component of coenzymes such as 
nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD). 
Furthermore, phosphorus serves as an intracellular buffer in the body via its role in acid-base 
balance. Phosphorus serves many biological functions within the body supporting life and 
body tissue accretion. 
One of the most important functions of Pis the mineralization of bone. Calcium and 
phosphorus are deposited as tricalcium phosphate that further undergoes crystallization to 
form a hydroxyappitite [3(Ca/PO4)2)•Ca(OH2)] crystal, an inorganic salt crystal imbedded 
in a protein matrix of bone. Adequate dietary P intake is crucial contributor to bone integrity. 
Rats fed 33% of the P requirement decreased the rate of bone mineralization and protein 
matrix formation (Baylink et al., 1971). Thus, adequate dietary intake is essential for body 
maintenance as well as maximum growth. Without adequate dietary intake, a phosphorus 
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deficiency may develop. Furthermore, consistent findings indicate that maximal bone 
mineralization (bone ash) in pigs is achieved at dietary mineral intakes higher than those 
required for optimum growth and efficiency of feed utilization (Mahan et al., 1980; 1981; 
Mahan, 1982). 
Phosphorus deficiency 
Inadequate dietary intakes of P, Ca, and/or vitamin D will result in depressed growth, 
decreased efficiency of feed utilization, and impairment of bone mineralization (Cromwell, 
1970; Jongbloed, 1987). Rickets or osteomalacia will develop in young animals or adult 
animals, respectively, given insufficient dietary P intake or metabolism. In the absence of P, 
the preosseous tissue continues to form, but is not able to calcify resulting in rachitic bone. 
However, in the case of osteoporosis, the bone formed is calcified and normal, however, 
further bone growth is inhibited (Kaneko, 1980). Inadequate dietary intakes of P have also 
been reported to decrease nitrogen retention (Vipperman et al., 1974; Jongbloed, 1987) 
associated with decreases in lean gain deposition. However, dietary P is preferentially 
incorporated in proteinacous tissue at the expense of bone in some animals (Fernandez, 
1995). Therefore, prolonged P deficiency will result in rickets and in severe cases, death. 
Sources of phosphorus 
Dietary P for growing pigs is derived from mainly two sources, organic and inorganic 
sources. Organic P is incorporated in pig diets by the selection of protein and energy sources 
such as grains and legumes. Organic P sources, such as com and soybean meal, have a 
relatively low P bioavailability (approximately 14 to 50%) because a high proportion of the P 
is bound in the form of phytic acid (phytate ). Pigs do not possess endogenous phytase to 
release P from dietary phytate. However, inorganic sources of P such as mono- and di calcium 
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phosphate are relatively high in P bioavailability (85 to 100%) and are typically used as a 
standard in the determination of P availability of other feedstuffs. Inorganic sources are often 
supplemented in the diet to meet the P requirement of the pig because grains and legumes, 
which constitute a majority of the diet, are low in dietary available P for the pig. 
Recently, technological advancements have yielded novel products of P by increasing 
availability of P in plant feedstuffs or have a high inherent availability of P. Exogenous 
phytase, the enzyme that liberates P from the phytate molecule increases the availability of 
phytate bound-P by up to 50 % (NRC, 1998). Phytase products are now being economically 
synthesized and genetically enhanced, low-phytate plants are being developed. An 
understanding of P digestion and metabolism is essential to completely comprehend dietary 
manipulation to reduce phosphorus excretion. 
Phosphorus metabolism 
Body phosphorus homeostasis 
The regulation of P homeostasis is mainly dependent on intestinal absorption, 
endogenous losses, renal phosphorus excretion and mobilization or storage of P body 
reserves, primarily bone. Animals fed P deficient diets increase the intestinal absorption of 
and renal reabsorption of inorganic phosphorus (Pi) in an effort to minimize Pi loss via urine 
(Aurban and Kumar, 1985; Portale et al., 1989) while maintaining constant Pi concentrations 
in the body. The circulating blood Pi concentrations in the body are regulated in a narrow 
range from 3 to 5 mEq/1 (Hannon et al, 1990). 
Digestion 
Once the pig ingests a meal, two forms of phosphorus are usually present, organic and 
inorganic. The digesta travels through the small intestine allowing for Pi absorption to occur. 
Conversely, organic P found in digesta is bound to a variety of molecules resulting in 
phosphosugars, phosphonucleotides, and phosphorylated amino acids. However, a majority 
of the organic Pis in the form ofphytic acid (myo-inositol hexkisphosphate, IP6). Once the 
digesta reaches the stomach, intrinsic and/or extrinsic phytase become active and begins 
cleaving the phytate molecule into intermediates: tetra-, tri-, bi- and mono-inositol 
phosphates (Kemme, 1998). The digest proceeds through the gastrointestinal tract to the 
duodenum where phosphate groups, excluding those from phosphoinositol compounds, are 
cleaved by alkaline phosphatase at the brush border and absorbed as Pi. 
Intestinal absorption 
The intestinal absorption of Pin the pig is both a regulated, active transport 
mechanism and a passive transport mechanism dependent upon concentration gradients 
existing across the intestinal wall (Schroder et al., 1996). Phosphorus is readily absorbed in 
the duodenum but higher rates have been observed in the jejunum (Schroder et al., 1996). 
Furthermore, tp.e ileum is much less efficient in P absorption and absorption in the large 
intestine is negligible. However, some evidence indicates that large intestine P absorption is 
substantial in situations of high P dietary intake (Donchner, 1984; Den Harthog et al., 1985). 
Phosphate exists in two forms in the gastrointestinal tract, divalent HP04-2 and 
monovalent H2P04-. The active, 1,25-dihydroxycholecalciferal controlled transport system is 
dependent upon sodium ions (Na+) and probably predominates in the presence of high 
luminal P concentrations (Reinhardt et al, 1988). In vitro experiments have indicated P 
transport may occur via passive diffusion independent of vitamin D. Most passive diffusion 
occurs in the young animal before the digestive system is fully developed. However, the 
passive transport of P from the brush border into the enterocytes is limited by the 
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transmembranal potential difference, which is approximately-35 mV across the apical 
membrane (Cross et al., 1990). Therefore, the evidence indicates a majority of P absorption 
occurs as a result of a Na+ dependant mechanism. 
Upon ingestion and digestion of dietary P, the Pi comes in contact with the intestinal 
wall. At this point, facilitated transport occurs and Pi enters the enterocyte via a carrier-
mediated process requiring Na+ ions. The influx of Pi into the cell is driven by Na+ ions in 
an extracellular concentration tenfold higher than the intracellular concentrations. An ATP, 
Na/K pump located on the basolateral plasma membrane, maintains the Na+ gradient. The 
transport of Pi from the enterocyte across the basolateral membrane is not fully understood. 
However, some evidence indicates discrete pools in the enterocyte, which do not readily 
exchange with intracellular Pi (Peterlik and Wasserman, 1978). Others speculate vitamin D-
dependent cytosolic Pi carrier proteins are involved (Peterlik et al., 1981; Lueke and 
Quiocho, 1990). More research is needed in the basic area of Pi transport across the 
basolateral membrane to answer these questions. 
Endogenous P excretion 
When determining minimal P excretion, the amount of endogenous excretion 
becomes more significant. Fecal endogenous P secretion is dietary P that has been absorbed 
then secreted back into the intestinal tract via digestive juices or from mucosa! cells that are 
continuously renewed throughout the intestine. However, once secreted back into the 
intestine, the P may be reabsorbed and utilized. Urinary endogenous P is also a function of 
maintenance of body tissue and functions. The amount of total P endogenous secretion is 
variable depending on dietary P intake. One method in which to measure endogenous or 
"inevitable" loss is accomplished by feed pigs deficient diets and measuring the amount of P 
12 
excretion, assuming dietary P is supplied below the requirement and all absorbed P is utilized 
by the body. 
Results from such experiments on pigs indicate inevitable daily fecal P losses of 
approximately 5.0 to 5.9 mg P per kg body weight (BW) for pigs under sub-optimal dietary 
P, but may be as high as 6.2 and 6.8 mg P per kg BW (Rodehutscord et al., 1998). However, 
other estimates are 9 mg of P/kg BW per day of endogenous fecal loss for growing pigs fed 
above 5.8 g of P/kg BW per day (Jongbloed and Everts, 1992). Furthermore, recent studies 
have shown that endogenous P excretion is independent of bodyweight. Ferdnandez (1995) 
found no significant differences in endogenous P fecal excretion between pigs weighing 35 
and 65 kg BW (375 mg/d and 361 mg/d, respectively). Inevitable daily urinary Ploss is 
approximately 0.35 mg P/kg BW at higher P intake (Rodehutscord et al., 1998). Thus, a 100 
kg pig would produce a minimum of approximately 625 mg of P/day, whereas, a 15 kg pig 
would excrete a minimum of 94 mg of P/day regardless of intake, source, or concentration. It 
should be emphasized that these values are estimates of minimal values and different feeding 
regimens may result in different values. Based on these data, a pig would be expected to 
excrete a minimum of 53 g of P from birth to slaughter assuming a normal growth rate and 
no excess dietary P, assuming the P was 100% digestible. 
A trend towards maximizing efficiency of feed utilization and lean tissue gain is 
present in the pig industry. Therefore, in an effort to maximize pig performance, producers 
frequently feed diets containing nutrients that are above the requirements for lean growth and 
feed efficiency to insure sufficient nutrients for maximum return. Nutrients in excess of the 
pig's needs are excreted from the body via urine and feces. Therefore, endogenous excretions 
of P may be higher in these situations. pigs fed adequate dietary P to support lean tissue 
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deposition have been shown to excrete endogenous, fecal P from 10 to 15 mg P/kg BW per 
day (Gueguen and Perez, 1979). Thus, in practical situations when pigs are fed excess 
nutrients to maximize pig growth and performance, the endogenous P excretion over the 
production cycle would be higher than the previous estimate of 53 g of P. 
Renal excretion 
After ingestion of a P containing meal, the digesta is mixed in the stomach and 
proceeds to the small intestine where Pi is absorbed. Phosphorus that is not absorbed in the 
small intestine passes through the remainder of the digestive tract and is subsequently 
excreted in the fecal material from the animal. Phosphorus that is not excreted in the feces is 
absorbed in the small intestine where it enters the portal blood transporting it to the kidney, 
which is the regulating organ of P in the body. Processes in the kidney regulate plasma P 
concentrations and the P balance in the body. The absorbed Pi not utilized for bodily 
functions is subsequently excreted in urine. The summations of the bodily excretions of P, 
both fecal and urinary, subtracted from the dietary P intake provides values of P retention. In 
an effort to truly minimize P excretion, both fecal and urinary P should equal endogenous 
losses. A review of kidney function is essential to understanding urinary P excretion. 
The kidney is the regulatory organ in the body that maintains P homeostasis and 
blood concentrations. Following the absorption of P from the intestinal tract into blood, the P 
in the arterial blood is filtered by the glomerulus. The filtered glomerular fluid then enters the 
nephron tubules where the fluid composition changes with tubular reabsorption (Mizgala and 
Quamme, 1985). Thus, renal regulation is controlled by three physiological events including 
glomerular filtration, tubular reabsorption, and tubular secretion. Tubular reabsorption and 
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secretion continue throughout the length of the nephron and collecting duct. Therefore, most 
of the regulation is a result to proximal tubular reabsorption (Mizgala and Quamme, 1985). 
All plasma Pi is filterable by the glomerulus except for a small fraction that may be 
protein bound (Wideman, 1987). The amount of Pi filtered by the glomerulus and entering 
the tubular fluid is dependent on the glomerular filtration rate (GFR) and plasma P 
concentration. Few experiments have measured GFR and plasma Pin pigs, however, one 
experiment determined values of96 ml P/min and 2.25 mmol P/L for GFR and plasma P, 
respectively (McIntosh and Scott, 1975). After filtration in the glomerulus has occurred, the 
tubular fluid proceeds through the nephron and the P is available for tubular reabsorption. 
As previously stated, phosphorus homeostasis is primarily regulated by proximal 
tubular reabsorption (Mizgala and Quamme, 1985). The physiological regulation of tubular 
reabsorption is thought to occur through alterations in the transport capacity of the apical 
membrane Na/Pi transport (Murer et al., 1991; Dennis, 1992). The capacity of tubular 
phosphate reabsorption determines the amount of phosphate excretion during changes in 
dietary P intake. Therefore, small increases in plasma Pi concentration cause an increase in 
the amount of phosphate excretion via urine when maximum filtered loads is exceeded 
(Hellman et al. 1964). Some data suggest the threshold value for pigs occurs at a filter load of 
191 µmol per minute, which correlated to plasma P concentrations of 2.03 mmol per L 
(McIntosh and Scott, 1975). Beyond these physiological limits, phosphate excretion from the 
pig increases. However, many other factors affect renal P excretion. Three hormones 
primarily control P reabsorption: parathyroid hormone (PTH), calcitonin, and calcitriol. 
Parathyroid hormone affects urinary phosphorus excretion by inhibiting the Pi 
reabsorption in the tubular portions of the nephron by acting on the signaling pathways which 
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target the Na/Pi co transporter present on the apical brush border membrane (BBM) (Levi et 
al., 1996). The decrease in tubular reabsorption associated with PTH is caused by a decrease 
in the V max of Na/Pi cotransport across the BBM (Hammerman et al., 1980), associated with 
decrease in abundance in Na/Pi co transporters on the BBM. Thus, increases in PTH levels 
result in increases in phosphate excretion via urine caused by a decrease in tubular 
reabsorption in the kidney. 
Calcitonin (CT) is produced in the thyroid and secretions are stimulated by various 
gastrointestinal hormones (Dickson, 1984). Gastrointestinal hormones, such as gastrin and 
cholecystokinin, are stimulated by the presence of material and fat in the stomach. Therefore, 
the presence of food in the stomach stimulates the secretion of calcitonin. Calcitonin inhibits 
renal Pi reabsorption resulting in reduced plasma concentrations but simultaneously increases 
liver uptake to maintain Pi concentrations (Meyer and Meyer, 1975). However, the effect of 
calcitonin is not as strong as that of PTH (Lausson et al., 1990). Calcitonin has no direct 
effect on intestinal absorption of P. Therefore, calcitonin affects the Pi homeostasis through 
regulation of renal Pi reabsorption. 
Vitamin D activates bone mineralization by the osteoblasts. The 1,25 
dihyroxycholecalciferol [ 1,25 (OH)2 D3] makes more mineral available for minerlization of 
both cartilage and newly formed bone by stimulating the active intestinal absorption of Ca 
and P and by increasing renal reabsorption of Ca and P. Furthermore, plasma PTH decreases 
with increases in 1,25 (OH)2 D3 due to a feedback mechanism (Nap and Hazewinkel, 1994). 
Therefore, increased vitamin D concentrations in the body have the potential to increase the 
tissue accretion, specially bone, through increasing Ca and P absorption and decreasing 
urinary P excretion. 
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Bone 
Bone is a highly specialized form of connective tissue that serves as structural support 
for the body and as mobile storage for calcium and phosphorus. Bone development in the 
growing animal is important in determining the Ca and P requirement for growth. During the 
preliminary stages of bone formation, osteoblasts are deposited to form an organic matrix. 
This organic matrix becomes calcified with the deposition of amorphous and crystalline 
appetite. Bone formation and crystallization occurs through the action of chondrocytes at the 
cartilaginous growth plate. Once cartilage mineralization has been established, bone growth 
occurs via osteoblast action (Loverbridge et al., 1992). At such time, the collagen network is 
laid down at the growth plate by chondrocytes at the growth plate (Ali, 1991). Pi and Ca2+ 
begin to increase once the collagen matrix is established. At this stage of bone development, 
dietary Pi and Ca2+ intake is crucial. When dietary mineral intakes are inadequate, the 
collagenous matrix appears normal, however, crystallization of the matrix is limited by Pi 
and Ca2+ concentrations (Ali, 1991). 
Effects of dietary P and Ca 
Dietary digestible P intake is the primary factor affecting P renal excretion. As 
mention previously, P plasma concentration and renal filter loads over the threshold levels 
result in increases in urinary P excretion. Threshold values may be exceeded when pigs are 
fed diets with excess dietary P intake. Therefore, providing the pig with dietary P that meets, 
but does not exceed, these threshold values would theoretically maximize P available for 
bodily functions without affecting P urinary excretion. However, the maximal resorptive rate 
of the kidney is not constant and can be altered by chronic administration of intravenous 
phosphate solution and oral phosphate ingestion (Hiatt and Thompson, 1957; Hellman et al., 
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1964). Therefore, the effects on dietary level of Ca and Pare essential when reviewing P 
metabolism and balance. 
Inadequate dietary P is detrimental to the health and growth of the pig. Decreased 
plasma P concentration increases 1,25 (OH)2 D3 subsequently increasing plasma Ca 
concentrations. Increased plasma Ca concentrations in tum decrease PTH concentrations, 
which increase renal P resorption and decrease renal Ca resorption (Nap and Hazewinkel, 
1994; Levi et al., 1996). Furthermore, maximal P absorption occurs in pigs that are fed below 
the P requirement (Jongbloed, 1999). Thus, in conditions of inadequate dietary P intake, P 
absorption is more efficient and the P absorbed is conserved by decreased urinary P 
excretion. 
Excess dietary P results in increased P excretion, which in tum has the potential to 
negatively affect the environment. However, excess dietary P intake may also negatively 
affect the health and growth of the pig. Excess dietary P decreases absorption of Ca in an 
effort to maintain Ca homeostasis (Schoenmakers et al., 1999). Decreased plasma Ca 
concentration stimulates PTH secretion, which results in decreased renal P reabsorption and 
increased renal Ca reaborption. The increase in PTH stimulates the 1,25(0H)2D3 dependent 
increased bone resorption in an effort to mobilize Ca for regulation of Ca homeostasis. Thus, 
bone mineralization decreases and bone resorption increases. 
Inadequate dietary Ca intakes results in some of the same biological events as 
inadequate P. Low Ca intake increases PTH concentrations to prevent decreased extracellular 
Ca concentrations. However, the increase in PTH also decreases renal P reabsorption, which 
decreases plasma P concentrations despite the increase in P available from bone resorption. 
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Excess dietary Ca can affect P digestion and metabolism. High dietary Ca 
concentrations relative to P increase the amount of insoluble calcium phosphate salts that are 
not digested and are excreted in the feces. Additionally, high dietary Ca intakes decrease 
plasma PTH and increase CT concentrations, which stimulate increases of plasma P 
concentrations by increasing renal P reabsorption. As a result, 1,25 (OH)2 D3 decreases, 
which decreases bone resorption and intestinal Ca absorption. Furthermore, high Ca intakes 
negatively affect intestinal P absorption by binding to phytate decreasing P availability from 
dietary phytate. 
Factors affecting P digestion and metabolism 
Effect of diet 
The effects of calcium on P metabolism have been addressed in the previous section. 
However, other dietary factors effect P digestibility, absorption, and metabolism. Vitamin D3 
mediates the intestinal absorption of P (Schroder et al., 1996) and activates bone 
mineralization by the osteoblasts (Nap and Hazewinkel, 1994). Therefore, dietary vitamin D3 
has the potential to increase P absorption and bone mineralization. Thus, high dietary vitamin 
D3 intakes may increase P retention, especially in the early stages on growth when the rate of 
bone growth is high. However, any dietary condition that causes a decrease in muscle or 
bone growth would, theoretically, decrease P retention, because muscle and bone are high in 
P concentration at totaling 17 and 80% of total body P, respectively. Inadequate dietary 
protein or energy decreases pig growth rate by decreasing proteinacous tissue accretion, P 
retention would decrease with decreased proteinacous tissue accretion. Moderately high 
concentrations of dietary protein and energy are not usually associated with any negative 
effects of muscle or bone growth. 
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Effect of pH 
The pH of the intestine has been researched as a possible determining factor of P 
absorption efficiency. However, the results are often contradictory. As previously mentioned, 
two forms of phosphate are found in the intestinal lumen, divalent and monovalent. The 
acidic, divalent form (HPO4-2) is absorbed preferentially in an alkaline environment, while 
the absorption of the monovalent form (H2PO4-) occurs in an electroneutral process with 
sodium (Bemer et al., 1976). Thus, suggesting diets with varying pH potentials may cause a 
change in the intestinal absorption of P by changing P availability or by causing changes 
directly related to the Na-P cotransport mechanism. This theory is supported in the rat 
jejunum subjected to a reduction in pH from 7.4 to 6.0, which causes a 150% increase in Pi 
influx. Furthermore, when the pH was increased from 7.4 to 8.5 mucosa! Pi influx was 
increased by 50 % (Lee et al., 1986), thus confirming an increase in P availability may be 
associated with changes in intestinal pH. However, some research on the brush-border 
membrane vesicles indicates Na+- H2PO4- transport at pH 6.5 and 2 Na+- HPO4-2 transport at 
pH 7.5, and the effect of hydrogen is dependent on the sodium concentration (Quamme, 
1985). Thus, pH has a relatively small affect on phosphate absorption. 
Effect of intestinal micro flora 
Some microbial organisms produce phytase, which is the enzyme that increases P 
availability of feedstuffs by releasing P from the phytate molecule. However, the majority of 
microbes in pig intestines do not produce intrinsic phytase. Therefore, phytase activity is low 
in the intestine of the pig. However, a microbial population shift towards beneficial microbes 
that produce phytase would increase P availability. Conversely, if the shift in population 
decreased the number of phytase producing microbes then P availability would decrease, but 
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only slightly, because of the initially low phytase activity. A reduction in the total microbial 
load could directly increase Pi absorption by decreasing P requirement for the microbes and 
increased absorptive area. The net absorption of P in the large intestine, where possible 
microbial phytase is produced, is questionable and has not been studied conclusively. 
Nevertheless, changes in intestinal microbial composition and concentrations have the 
potential to affect P availability of phytate P. 
Antibiotics cause a reduction in total microbial load and shifts in population. For 
example, the addition of dietary Salinomycin fed to pigs significantly increased P absorption. 
However in the same experiment, increases in urinary P excretion resulted in no difference in 
the net P retention (Moore et al., 1986). One explanation for these events would be that the 
amount of P absorbed exceeded the requirement of the pig, plasma concentrations exceeded 
the threshold for the kidney, and the P was subsequently excreted in the urine. Dietary 
Carbadox and another commercial product containing Bacillus licheniformis and Bacillus 
subtilis both decreased overall P excretion by 3 to 8%, while body protein was slightly 
increased and phosphorus retention was significantly increased (Kreuzer, 1994). In 
conclusion, the change in microbial population of the gut potentially affects P absorption and 
P excretion, which is most likely, attributed to the degradation of phytate. 
Effects of body composition 
Pigs of the same age and physiological status possessing a higher percentage of lean 
tissue have higher total body P concentrations than pigs with a higher percentage of fat 
because muscle is relatively high in P when compared with fat. However, the percentage of 
the bone in the body also determines the body P stores because bones possess a high Ca and 
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P content. For these reasons, differences in the amount of P among strains of pigs are 
potentially significant. 
Phytic acid (phytate) bound phosphorus 
Phytic acid, myo-inositol hexaphosphate, is the acid form of the anion, phytate. 
Phytic acid, commonly referred to as phytate, is a myo-inositol with 6 structural positions 
capable of containing phosphate groups. Phytic acid containing the maximum 6 phosphates, 
myo-inositiol hexakisphosphate (IP6), is a the major source of P and myo-inositols available 
to the seed for development, comprising 60 to 80% of the P present in the plant. The mono-, 
di-, and triphosphates (IP 1-3) are important components of a group of phospholipids called 
phosphoinositides, which are present in plant as well as animal tissues. Furthermore, phytate 
may help to decrease alfatoxin formation in soybeans. At high pH values, phytate binds to 
zinc and forms a complex that may render zinc unavailable for the mold to produce 
dangerous alfatoxins (Ehrlich and Cielger, 1985 and 1986). Therefore, phytate is vital to the 
production of grains and legumes that are commonly used as feedstuffs. 
Phytate distribution 
Phytate distribution throughout plants is not equal in cereal grains and legumes or 
throughout the lifetime of the plant. The concentration of phytate increases during seed 
development of the plant and is maximized once the plant has reached complete maturity. 
The soybean, for example, increases from 0.87% to 1.26 % on a dry matter basis during 
maturation (Yao et al., 1983). The increase of phytate present at the late stages of maturity is 
required for the survival and germination of the subsequent seed produced. During 
germination, phytate is degraded and the freed P is utilized for growth. Therefore, a plant, 
which has recently completed germination, would contain low phytate concentrations and the 
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phytate concentration increases as the plant matures. The cycle on phytate degradation and 
biosynthesis is futile, which makes the plants sustainable. 
Although phytate in legumes and cereal grains is required, phytate does have anti-
nutritional characteristics. The insoluble complexes formed between phytate and multivalent 
metal ions decreases availability of various nutrients when fed to animals. Furthermore, 
phytate binds with proteins and increases the resistance to proteolytic enzymes. Most 
importantly, however, might be the low P availability from the phytate molecule and the 
subsequent increases in P excretion following increases in phytate in the diet on the animal. 
The pig does not produce substantial phytase to significantly affect P availability by cleaving 
P from the phytate molecule (Pointillist et al., 1984). Therefore, phytate-P proceeds through 
the gastrointestinal tract intact and is excreted via fecal excretion. 
Low phytate feedstuffs 
Genetic engineering of plants has become an increasingly viable method in improving 
the nutrient availability of feedstuff, mainly com and soybeans. Specifically, the mutant 
lpal-1 allele, which regulates the expression of phytate concentration, has been inserted into 
the genetic profile of com and soybeans. As a result, the genetically modified com and 
soybean meal can be produced which is significantly lower in phytate, approximately 50% 
and 35 to 45% respectively, than com or soybean meal of the near-isogenic breeds. Hence, 
less supplemental inorganic Pis required in the diet to meet the pig's requirement for P and 
less phytate bound P will be excreted in the feces. 
Feeding diets containing low phytate (LP) com in a com-soybean meal based diet to 
pigs from 28 to 113 kg BW decreased fecal P excretion by 35 to 40% when compared with 
that of normal com without affecting growth performance or bone strength (Pierce and 
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Cromwell, 1998). Furthermore, fecal Ca and P can be decreased by 43 and 50%, 
respectively, with no differences in either growth performance or the metacarpal and radius 
breaking strength by substituting LP-com for normal com (Veum et al., 1998). In conclusion, 
substituting LP-com for normal com decreases P excretion by decreasing phytate bound P, 
thus decreasing the need for supplemental inorganic P (Pierce et al., 1998). 
Low phytate soybean meal (SBM) has not been studied as extensively as LP-com but 
is thought to increase P availability by decreasing the percentage of phytate bound P. If the 
LP-com and LP-SBM are used simultaneously within the same diet, the decrease in total 
phytate content is hypothesized be additive and thus decrease P excretion even lower. 
Regardless of the source, decreasing phytate bound P will increase P availability and 
decreases P excretion. 
Phytate and nutrient interactions 
Phytate binds many elements, which decrease the availability and absorption of the 
bound elements. Many factors may effect the extent of binding. Ester bonds binding six 
carbons and 12 hydrogen attach in an inositol ring link the six phosphoric acid residues in the 
phytic acid molecule. Half the hydrogens are highly acidic (pK=l.8), two are weakly acid 
(pK=6.3), and four are very weakly acidic (Barre et al., 1954). Therefore, the structure 
determines the high binding potential for cations, including the ability to form chelates and 
the high affinity for all positively charged molecules. One molecule can form up to six 
bivalent metal cations and the cations can in tum attach to the next phytate molecule, forming 
insoluble phytate molecules which can form over a wide range of pH (Graf and Eaton, 1990). 
However, the metal to phytate ratio determines the solubility of phytate. In some situations, 
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only one metal cation is bound to the phytate molecule and thus is easily soluble in the 
presence oflarge amounts ofphytate (Graf, 1983; Graf and Easton, 1984). 
Calcium 
Calcium concentration within the gastrointestinal tract plays a major role in the 
binding of phytate in digestion and nutrient availability. High dietary calcium intakes 
decrease the degree of hydrolysis ofphytate (Naphapetian and Young, 1980; Sandberg et al., 
1993), while decreases in dietary Ca improves phytate digestibility (Mohammed, 1991). The 
hydrogen bonds which occur between the phosphoric acid groups are broken in the presence 
of calcium resulting in very stable calcium phytates which may precipitate over a wide range 
of pH (Graf, 1983). As a result, an increase in phytate may lead to a deficiency in Ca 
attributed to the decrease in absorption of the Ca bound to the phytate molecule (Reddy et al. 
1982). Thus, Ca plays an important role in phytate-P availability. 
Zinc 
The availability of zinc is adversely affected by phytate. IP6 and IP5 have been 
shown to interfere with zinc availability, but IP4 added in isolated forms showed no effect 
(Lonerdahl et al., 1989; Sandstrom and Sandberg, 1992). Therefore, the phytate to zinc ratio 
has been proposed as an indicator for zinc bioavailability (Oberleas and Harland, 1981 ). 
Early studies indicate [Ca][Phytate]:[Zn] above 3.5 may decrease zinc availability to a point 
that is insufficient to maintain growth (Mills, 1985). However, more recent studies including 
IP3-IP5 data indicates adequate zinc status can be maintained with diets containing a 
maximum [Phytate]:[Zn] molar ratio of 15, providing the [Ca][Phytate]:[Zn] millimolar ratio 
does not exceed 200/1000 kcal (Oke et al., 1987). Therefore, when feeding pigs diets high in 
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phytate with low phytase activity the concentration of zinc should be increased to insure 
adequate amounts of zinc are available for absorption and not phytate-bound. 
Iron 
Nonheme iron (Fe) absorption, which is mainly determined by the solubility of the 
iron in the small intestine, is inhibited by both phytate and polyphenols, but enhanced by 
vitamin C, citric acid, and other organic acids. However, only IP6 and IP5 in isolated forms 
result in decreased Fe solubility (Sandberg et al., 1989; Sandberg and Svanberg, 1991) 
although the lower inositols might impede trace element availability. Brune et al. (1992) 
indicates the inhibition of Fe absorption is closely related to the content of phytate bound P 
determined by AOAC methods and the sum of the IP3 through the IP6 determined by an 
HPLC. However, calcium forms an insoluble Fe-Ca-phytate complex, explaining the 
decrease in Fe absorption associated with high intakes of dietary calcium. Conversely, 
ascorbic acid counteracts the inhibition of Fe absorption by phytate (Siegenberg et al., 1991). 
Similar to zinc, the ratio of Fe to phytate may be important but the Ca content of the diets 
must be considered when formulating diets for pigs. 
Magnesium 
Magnesium (Mg) bioavailability is decreased as a result of increased dietary phytate, 
similar to other cations, which bind the phytate molecule to form insoluble complexes. 
Growing rats fed high calcium and marginal Mg concentrations with increasing 
concentrations of sodium phytate showed a dose-dependent decrease in apparent Mg 
absorption with increases in phytate (Pallauf et al., 1998). However, data obtained utilizing 
sodium phytate should be used with caution because natural occurring phytate, such as in 
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grain, is bound to K, Mg and Ca naturally and may not give true representation of 
incorporation of dietary phytate from natural, variable sources. 
Phytase and low phytate feedstuffs 
The phytase enzyme, that sequentially cleaves P from the phytate molecule that is 
essential for the absorption of P from the phytate molecule to cross the intestine, is found in 
plants, animal tissues, and microorganisms (Cosgrove, 1980 and Nayini and Markakis, 
1986). Two different phytases are known to be found in nature: 3-phytase (EC 3.1.3.8) and 
6-phytase (EC 3 .1.3 .26), referring to the site on the phytate molecule at which the enzyme 
begins to cleave the ortho-phosphates. The nonspecific phopshomonoesterase 3- phytase, 
found in microorganisms such as Aspergilli (Ullah, 1998) and in mammalian small intestine 
(Copper and Gowing, 1983), catalyzes the following reaction: myo-inositol 
hexakosphosphate+ H20 D-myo-inositol- 1,2,4,5,6-pentakisphophate+ortho-phosphate and 
continues in a stepwise progression from the phosphate in the 3 position to the phosphate at 
the 6 position (Gibson and Ullah, 1990). However, the 6-phytase, found in higher plants such 
as wheat and barley, mimics the reaction of the 3-phytase with the exception, cleavage begins 
at the 6 position of the phytate molecule and proceeds sequentially until hydrolysis is 
completed at the 1 position, provided conditions are optimal (Kemme, 1998). Together the 3-
and 6-phytases produce five intermediates: myo-inositol pentakis-, tretakis-, tris-, bis-, and a 
monophophate. 
Phytase not only liberates P from the phytate molecule but also increases the 
utilization of other elements that might form a complex with phytate. One mole of phytic 
acid can bind 3 to 6 moles of calcium to form insoluble phytates at the pH found in the pig 
intestine. Furthermore, zinc, copper, cobalt, manganese, iron, and magnesium can also form a 
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complex with phytic acid, but zinc and copper have the strongest binding activity (Maddiah 
et al., 1965 and Vohra et al., 1965). 
The amount of phytase activity is measured in phytase units (FTU). One FTU is the 
equivalent of 1 µmol of ortho-phosphates liberated from dietary phytic acid at 37°C and pH 
5.5 within one minute. 
Intrinsic phytase 
Endogenous phytase is variable between species. Phytase (EC 3.1.3.8) levels are 
higher in the rat (115 µg P released/min/mg of protein) when compared with the hamster, 
rabbit and guinea pig which are 0.072, 0.046, and 0.033 µg P released/min/mg of protein, 
respectively. Intestinal phytase produced by the pig is negligible and not significant in 
hydrolysis of phytate (Pointillart et al., 1984 and Pointillart, 1993). Therefore, the only 
phytase available to the pig is via the diet, intrinsic phytase in feedstuffs which is low in com 
and soybean meal and the supplemental, extrinsic phytase. 
Feedstuffs also vary in phytase activity. In one study aimed at determining the 
phytase activity of 51 feedstuffs, Eeckhout and De Paepe, 1994 indicate unprocessed grains 
such as rye, wheat and barley were shown to possess high activities consisting of 5130, 1193, 
and 582 FTU/kg, respectively. However, some widely used feedstuffs fed to pigs are 
extremely low in phytase activity. Two of the commonly used ingredients are com and 
soybean meal, which are nearly devoid of phytase activity, 30+/-15 and 60+/-30 FTU/kg, 
respectively (Pointilart, 1994). Furthennore, diets with phytase activity in the range of com 
and soybean meal diets do not allow significant degradation of phytate for utilization of P for 
the pig. 
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The low intrinsic phytase activity located in the small intestine of the pig and the low 
phytase activity provided by common feedstuffs, such as com and soybean meal, does not 
allow the pig to utilize sufficient phytate bound P without the use of exogenous phytase. 
Therefore, the total P of the diet is increased by the addition of supplemental inorganic P 
added to meet the pig's requirement. Many studies in recent years have examined the use of 
exogenous phytase. Early experiments showed the potential of increasing apparent total tract 
P digestibility by approximately 20%, thus decreasing required P intake and in tum 
decreasing P excretion as much as 30 to 40 % (Nasi, 1990 and Simons et al., 1990). 
Site of activity 
Phytase, similar to other enzymes, has optimal conditions for maximal activity. 
Therefore, site of activation and passage rate is important for maximal utilization of phytate 
bound P. The stomach is the primary site of microbial phytase with approximately 51 % of 
diet activity (1050 FTU/kg). Furthermore, the upper small intestine ( duodenum and jejunum) 
is the secondary site possessing approximately 31 % of dietary activity (Yi and Kornegay, 
1996). However, phytase activity has been found in the ileum segment of the small intestine 
(Jongbloed et al., blue and Yi and Kornegay, 1996). Exogenous microbial 3-phytase 
(Aspergillus ficuum) has two peaks of activity at a pH of 5.0 to 5.5 and at 2.5 (Sheih et al., 
1969; Irving and Cosgrove, 1974, and Simons et al., 1990). Furthermore, phytase is 50% less 
active at a pH of2.5 than 5.0 (Sheih et al., 1969;Irving and Cosgrove, 1974). 
The environmental conditions and the retention time in the gastrointestinal tract, 
primarily the stomach, determine the extent of phytate-P utilization within the pig. Diurnal 
patterns of phytate degradation and pH are dependent upon the retention time within each 
segment of the gastrointestinal tract. The most optimal pH for plant phytase in pigs is during 
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the periods at and around feeding. Therefore, the phytate degradation in the stomach is rapid 
during the initial ingestion because pH is only slightly lower than optimal (between 4 and 6) 
for maximum cereal phytase activity, but because of the short retention time phytase in pig 
diets can not completely hydrolyze phytate. Furthermore, acid production is not ubiquitous 
throughout the stomach. The fundal section of the stomach produces the most acid, thus 
maintains the lowest pH (Kidder and Manners, 1978). The pH of the stomach is not 
consistent throughout all regions and retention time in the stomach is relatively short. 
Furthermore, digesta and particle distribution within the stomach is not homogenous. 
Therefore, complete phytate hydrolysis in vivo is unlikely. Although complete phytate 
degradation is unlikely, substantial amounts (up to 90%) can be hydrolyzed within 8 hours of 
ingestion (Kemme et al., 1998). 
Dietary phytase and efficiency of phytase 
Phytase supplementation is mainly added into swine diets to increase P bioavailability 
by liberating P from the phytate molecule. Furthermore, the increase in P bioavailability from 
natural feedstuffs decreases the need for inorganic P and thus decreases the total P content of 
the diet. Therefore, more P is digestible and subsequently excreted via fecal matter. 
Supplementation of exogenous phytase may decrease P excretion of pig by as much as 50 %. 
In broilers, the phytate-bound P retention is relatively equal for com, soybean meal, wheat, 
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and barley non-phytate Pat 30.8, 34.9, 30.7, and 32.2%, respectively, while the addition of 
600FTU/kg increases phytate P retention to 59.0, 72.4, 46.8, and 52.2%, respectively (Leske 
and Coon, 1998). However, other nutrients bound to the phytate molecule as previously 
mentioned are also liberated by phytase and become available for absorption and utilization. 
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Efficiency of phytase 
Physiological status, gastrointestinal pH, temperature, gastric retention time, amount 
of substrate (phytate ), concentration of Ca, and Ca:P ratio are all facts>rs contributing to the 
efficiency of phytase. As the pig ages and grows, the physiological conditions of the 
gastrointestinal tract change and with those changes the efficiency of phytase may not remain 
constant. The lactating sow requires only 485 FTU/kg of diet of supplement phytase to 
replace of 1 g of dicalcium phosphate, while the piglet, grower/finisher, sow during mid-
pregnancy, and sow in late pregnancy require 757, 602, 1562, and 676 FTU/kg of diet, 
respectively (Kemme et al., 1997). However, the effect of body weight on phytase is 
contradictory with research supporting an increased effect (Pallauf et al., 1992; Kemme et al., 
1997), while others refute any effect of body weight (Dellart et al., 1990; Rodehutscord et al., 
1999). All points considered the changes in efficiency of phytase utilization are caused by the 
physiological changes in the gastrointestinal tract and gastric retention, which accompany 
age and body weight. 
The source of phytase may also affect efficiency. Multiple organisms can produce 
phytase, each have different efficiencies of phytate hydrolysis. For example, the apparent 
digestibility of P has been reported to be significantly higher when diets were supplemented 
with A. fumigatus versus A. niger supplementation at the same in vitro activity (500 FTU/kg 
of diet), while fecal P excretion was lower 17 versus 33 %, respectively (Nunes and 
Guggenbuhl, 1998). Thus, indicating in vitro determination of phytase activity is not ideal for 
in vivo estimation of enzyme activity and also indicating phytase produced from different 
organisms have varying activity in vitro. 
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Effect of Ca 
High dietary Ca concentrations coupled with a wide Ca:P ratio reduces the efficiency 
of supplemental phytase in weanling (Quin et al., 1996) and growing pigs (Lantzch et al., 
1995; Liu et al., 1998). Three mechanisms have been proposed to explain the decreased 
phytase efficiency caused by excess dietary Ca and/or a wide Ca:P ratio. First, high dietary 
Ca increases the pH of the gastrointestinal tract by acting as a buffer (Sandberg et al., 1993). 
Second, Ca may act as a competitive inhibitor of the phytase enzyme by competing for 
binding sites on the phytate molecule (Quin et al., 1996). Three, excess dietary Ca is 
detrimental to phytate hydrolysis by forming insoluble complexes with phytate, which 
decreases P utilization (Fisher, 1992). However, the decrease in phytate hydrolysis seems to 
occur only in the colon of the pig, not in the stomach and small intestine (Sandberg et al., 
1993). Consequently, any one or a combination of the aforementioned mechanisms may 
contribute to a decrease in phytase efficiency in the presence of high dietary Ca. 
In the past, Ca concentrations in pig diets have been formulated to meet a total 
Ca:total P ratio range of 1: 1 to 1.5: 1 (NRC, 1988). Presently, however, some formulate the 
Ca concentrations to meet a total Ca: available P ratio in the range of 2: 1 to 3: 1 (NRC, 1998). 
With the addition of phytase into feeding, the definition of the optimum Ca:P ratio becomes 
more controversial. Adding phytase to a diet increases the P availability without increasing 
the total P concentration of the diet. Therefore, if Ca was maintained at the total Ca:total P 
ratio of 1: 1 then the ratio of total Ca:available P becomes narrower when phytase is added 
and Ca may be insufficient for maximum P utilization. The exact amount of P released from 
phytate by supplemental phytase can not easily be measured in practice and is confounded by 
many factors including but not limited by: 1) pH of the gastrointesintal tract, 2) amount of 
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phytase activity in the diet, 3) rate of gastric emptying, and 4) amount of substrate in the diet 
(phytate). Furthermore, the addition of phytase increases the availability of both Ca and Pat 
different degrees, thus changing the initial formulated Ca:P ratio. Thus, studying the effects 
of Ca:P ratio and phytase simultaneously is a challenge. 
Qian et al. (1996) determined the Ca:P ratio is more important in diets which are 
deficient in P and decreasing the Ca:total P ratio from 2: 1 to 1.2: 1 resulted in an approximate 
16 % increase in phytase efficiency for improving performance, digestibility, and bone 
characteristics. Pigs fed com-SBM diets with 500 FTU/kg of diet from 23 to 123 kg BW 
increased P absorption by 9% as the dietary Ca:total P decreased from 1.5:1 to 1.0:1. 
Furthermore, the decrease in Ca:P ratio increased metacarpal breaking strength, and 
metacarpal ash weight, however, the fecal P excretion was not different between treatments 
(Liu et al., 1998). Although the experiment is valid for diets with low P concentrations, the 
Ca:P ratio may not be as important in high P diets because a lower percentage of P is in the 
phytate form. 
Effect of vitamin D 
Over the past few decades research has indicated P absorption is increased with the 
supplementation of 1,25 dihyroxycholecalciferol [ 1,25 (OH2) D3] in diets relatively low in 
dietary P. Further, phytate bound-P, Zn, and Mg are released when la-hydoxylated 
cholecalciferal is supplemented to phytate containing diets (Beihl et al., 1995). Once 
ingested, (la-OH) D3 is absorbed from the intestine and transported to the liver, where it is 
hydroxylated at the 25-position to 1,25 (OH2) D3 which is an active form. The processed 
metabolite of cholecalciferol, 1,25 (OH2) D3, is transported back to the small intestine via 
bile where it can activate or stimulate intestinal and/or microbial phytase. Thus, only the liver 
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is required to convert dietary 1,25 (OH2) D3 to the active form, (la-OH) D3, while other 
forms of cholecalciferol would require the kidney, making the process more efficient. In 
practice, however, (1 a-OH) D3 does not increase specific activity of intestinal phytase but 
does improve phosphorus utilization by some other mechanism (Biehl and Baker, 1997). 
The fact remains, however, the addition of supplemental vitamin D3 to diets, below 
the pig's P requirement for maximal growth, increases P absorption. When pigs are fed low 
and adequate concentrations of dietary P supplemented with vitamin D3, circulating levels of 
1,25 (OH2) D3 increased 2 to 4 fold (Haussler et al., 1977; Sommerville et al., 1978). 
Furthermore, a five week repletion period by vitamin D3 supplementation to a phytate 
containing diets in pigs has been shown to increase calcium binding proteins throughout the 
gastrointestinal tract while increasing Ca absorption and retention after a 2 month depletion 
period (Pointillart and Fontaine, 1986). In conclusion, vitamin D increases the P utilization, 
although a definite mechanism has not been established. 
Effect of pH 
The pH of the gastrointestinal tract is important in determining the extent that phytate 
hydrolysis occurs. The optimal pH for maximal exogenous microbial phytase (Aspergillus 
ficuum) activity is 5.0 to 5.5 with the second highest activity at 2.5 (Sheih et al., 1969, Irving 
and Cosgrove, 1974, and Simons et al., 1990). However, the pH of a typical com-soybean 
meal-based diet is 6.0. Therefore, the addition of organic acids, such as citric, formic, and 
fumaric acid, increase the acidity of the diet and thus decreases the pH of the digesta in the 
GI tract resulting in an environment more ideal for phytate degradation. However, lowering 
the pH of the diet to 6.51 and 4.35 results in stomach pH of3.81 and 3.31, respectively. 
Furthermore, adding 2.0% citric acid decreased the stomach digesta phytase activity from 
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131 to 110 FTU/kg of digesta in weanling pigs, although no interactions between phytase and 
citric acid was observed on growth performance, feed efficiency, Ca, and P digestibility. 
(Radcliffe et al., 1998). 
Effect of steeping 
Steeping is a term referring to the addition of liquid, usually water, to a diet or 
individual feed ingredient to enhance nutrient availability and utilization. Therefore, steeping 
is one method for maximizing the nutrient value of the diets. Steeping decreases the pH of 
the diet, in a time dependent manner, from 6 down to 2-3. 
In respect to phytase, the pH decline provides an environment optimal for phytase 
activation since peak activation occurs within the lowered pH range. Furthermore, in steeping 
the pH decline is linear and less rapid than in the pig's gastrointestinal tract. Therefore, 
steeping prior to feeding increases the amount of time in the optimal pH range. For example, 
wet steeping of barley, rye, and wheat in water for 24 hat 55 C0 decreased the concentration 
of phytate by 46-77% depending on the intrinsic phytase present within the different grains 
(Fredlund et al. 1997). However, when acetate pH buffer (pH 4.8) was substituted for water 
the amount of phytate degradation increased to 84 to 99% (Fredlund et al. 1997). Therefore, 
the phytate-P that is released prior to feeding increases the P availability of the diet by 
providing optimal conditions for intrinsic phytase activity. 
Extrinsic phytase added to diets prior to steeping can increase phytate degradation in 
certain situations when initial dietary phytate is high and intrinsic phytase is low. For 
instance, a typical com-soybean meal diet with 0, 250, 500 FTU/kg of diet supplemental 
phytase results in P absorption, expressed as a percent of intake, of 20.8, 43.2, and 42.8 %, 
respectively. While the steeping increases the P absorption of these diets to 22.9, 29.1, and 
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37.5 % P absorption, respecetively. Furthermore, steeping of these diets decrease P fecal 
excretion by 48 to 49 % compared to non-steeping 37 to 40 % (Lui et al., 1997). Notice the 
most efficacious in respect of absorption and the greatest response to steeping was the 
treatment with the addition of 250 FTU/kg. These results suggest steeping has the highest 
effect in situations where phytase is moderate, less than 500 FTU/kg of diet. 
Effect of phytase on low phytate diets 
The addition of phytase to diets containing low phytate (LP) feedstuffs may not be 
effective in phytate hydrolysis because of the low substrate (phytate) concentration in the 
diet. A 1200 FTU/kg addition of phytase to chick diets confirmed results reported in pigs, 
thus suggesting the positive response to phytase is a result of the phytate in soybean meal of 
the diets rather than the com independent of phytate content (Pierce and Cromwell,, 1998). 
However, substituting LP-com for normal com and adding phytase can reduce P excretion by 
50% (Pierce and Cromwell, 1999) whereas, LP-com substitution only reduces P excretion by 
25-35% (Pierce and Cromwell, 1999). Furthermore, phytase minimally decreased fecal P 
from chicks by 4.1 % in addition to the 41.4% reduction obtained by substituting low phytate 
com for normal (Kersey et al., 1998). Although phytase may not be as efficient when phytate 
concentrations are low, phytase is useful in liberating P from the phytate available. 
Effect of acid phosphatase 
The incorporation of acid phosphatase (AcPh) (Ee 3.1.3.2), produced by transgenic 
strains of Trichoderma reesei in addition to supplemental 3-phytase accelerates the phytate 
dephosphorylation by attacking the myo-inositol intermediates of phytate hydrolysis, 
independently, while the phytase works in a selective manner (Zyla et al., 1993; Zyla et al. 
1995a,b ). In vitro studies showed increases in phytate dephosphorylation when AcPh was 
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incorporated with phytase, which warranted further research in vivo (Zyla et al. 1995a,b ). 
However, experiments with pigs indicates that AcPh has only a slightly greater effect when 
used in addition to phytase in com-soybean meal or barley-soybean meal diets which are not 
thermally treated, improving P absorption by 3 to 7% (Nasi et al., 1999). However, because 
AcPh was more thermostable than phytase, the synergistic effect is beneficial, especially 
when diets are further prp_c,essed _su~h as pelleting of the diet which requires heat treatment 
(V anderbeke et al. 1994). ,, 
Effect of phytase on mineral availability 
Many experiments have been conducted to investigate the availability of many of the 
nutrients, which bind with the phytate molecule. The mineral binding strength becomes 
progressively lower (Kaufman and Kleinberg, 1971) and the solubility when phosphate 
groups are removed from the phytate molecule. Moreover, phytase supplementation of 1200 
FTU/kg increases the digestibility of P, Ca, Mg, Fe, Cu, and Zn (Gebert et al., 1999). 
Therefore, phytate hydrolysis caused by dietary phytase supplementation results in higher 
mineral availability. Lei et al. (1993) demonstrated that the bioavailability of phytate-bound 
P and Zn were increased enough to maintain normal plasma Zn concentrations with no 
supplemental Zn when weanling pigs where fed phytase. Fe availability of phytate-bound Fe 
is also improved by supplementing diets with phytase as indicated by increasing hemoglobin 
concentrations and pack cell volume by 27% and 15%, respectively, over the non-
supplemented pigs fed a com-soy protein concentrate diet containing 52 mg/kg of Fe (Stahl 
et al., 1999). 
Depression in fatty acid digestion and increased lipid oxidation are concerns linked to 
increases in mineral availability, thus increased ions in digesta. In theory, increased mineral 
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ions in digesta caused by phytase supplementation may result in increases in the 
susceptibility of fats to lipid oxidation, especially of unsaturated fatty acids. However, 
phytase supplementation does not increase lipid oxidation in vivo, but is assumed to form 
insoluble, indigestible fatty acid-soaps (Gebert et al., 1999). Vitamin E supplementation has 
been reported to decrease the detrimental effect on ceacal digestibility of dietary fat, oleic 
and linoleic acid caused by dietary supplemental phytase (Gebert et al., 1999). 
Phosphorus requirements for pigs 
The dietary requirement of a nutrient for growth is a summation of that required for 
body maintenance and the total body tissue accretion. Phosphorus required for maintaining 
bodily function without loss of body reserves must be met before tissue accretion and growth 
occurs. The estimated maintenance requirement for pigs consuming deficient or adequate P 
diets is 5 and 510 mg P per kg BW. However, in the early stages of development (20 to 60 kg 
BW) when the tissues with high concentrations of P, bone and muscle, are deposited rapidly 
the need for Pis higher, 113 to 85 mg P/kg BW, respectively. Conversely, during the later 
stages of development of the pig (60 to 110 kg BW) when fat deposition increases, the need 
decreases to 77 and 46 mg P/kg BW, respectively, because of the P content of fat is low than 
muscle (Jongbloed, 1987). 
Pigs with high lean growth potential have a higher requirement from dietary available 
P (AP) than a pig with a moderate level of lean growth potential. The metabolic demand for 
Pis approximately 200 to 300 mg/ kg BW gain for pigs of a high lean genotype (Jongbloed, 
1987). When AP is limiting, muscle, bone, and offal growth are depressed (Bertram et al., 
1995) and dietary energy is partitioned to adipose tissue instead of protein deposition 
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(Bertram et al., 1995; Frederick and Stahly, 1998). Thus, a higher concentration of dietary 
available P must be supplied to maximize lean tissue deposition. 
The requirement for dietary P is estimated using a variety of methods. Before 
determining the estimated dietary requirement for P, as for any nutrient, a response criteria 
must be identified, whether the criteria is body weight gain, feed efficiency, muscle growth, 
protein growth, P retention, plasma concentrations, and/or bone mineralization. The pig's 
requirement for each of the various responses are different is some cases, such as the dietary 
P intake required to maximize bone is greater than that to maximize growth (Cromwell et al., 
1970; Kornegay et al. 1981 ). Furthermore, the physiological status can affect the requirement 
for the different stages in life. For example, the relative amount of P deposited in bone 
decreases as the pig ages and the skeletal structure becomes fully developed (Mudd and 
Stranks, 1985). 
Phosphorus excretion in the pig industry 
Environmentally safe management of nutrient excretion from pigs is essential for the 
sustainability of the industry. Governmental regulations pertaining to P output from farms 
have been discussed previously. However, a review of the present state of P excretion and 
output from pig farms is necessary. Estimates of relative P output from urine and feces are 13 
and 55% of dietary P intake, respectively. Assuming dietary intake over the lifetime of the 
pig is 1790 grams of P, excretion would equal 250 and 980 grams of P for urine and feces, 
respectively, while retention accounts for 33% of dietary P intake (Fernandez et al., 1999). 
Urinary P excretion is dependent on dietary digestible P intake. As mentioned 
previously, absorbed P that exceeds the pig's requirement is excreted via urine. Urinary P 
excretion accounts for less than 1 mg P per kg BW (Rodehutscord et al., 1998) when the 
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dietary P intake is closely matched to the pig's requirement. However, when dietary 
digestible P intake exceeds the pig's need urine P intake is proportional to dietary excess 
(Fernandez et al., 1995a). Compositionally, dietary P excess results in urine ranging from 
150 to 400 mg per liter of urine. However, dietary P deficiencies result in less than 150 mg 
per liter of urine (Jongbloed, 1987). Thus, urinary P excretion is dependent on dietary 
digestible fatake· relative tff tlre pig's rree-cts--and contributes minimallyio-total P excretion 
when dietary P closely matches the pig's need. 
However, the presents of dietary phytate in commonly used cereal grains and legumes 
decrease the digestibility of dietary P resulting in high levels of P excretion from fecal 
matter. Approximately 50% of the P from typical diets is excreted in the feces. However, 
variation of fecal excretion is high as a result of varying digestibility of selected feedstuffs 
and antinutritional factors. Thus, fecal Pis the primary contributor of P excretion from the 
pig. 
Wasted feed is often times a significant factor in the total P output from farms. Five 
percent feed wastage can result in approximately 7 .1 mg per kg BW (Stahly and Sabin, 
1999). Given this percent wastage, feed waste not urine contributes more P to the total output 
from the farm. Therefore, proper feed delivery management is an important factor to consider 
when minimizing total P output. 
Conclusions 
Dietary phosphorus is essential for maintenance, maximal tissue accretion, proper 
bone formation, and efficiency of feed utilization. However, minimizing excess P excretion 
from pigs is essential to maintain the environmental stewardship of the pig industry. 
Selecting feedstuffs low in phytate bound P and antinutritional factors will increase P 
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absorption and decrease fecal P excretion. Additionally, proper dietary concentrations of 
vitamin D3 and calcium must be provided to ensure maximum digestion and absorption. 
Furthermore, closely matching the pig's needs with the correct amount of dietary P will 
minimize urinary P excretion. Each of these criterions must be need to minimize total P 
excretion from the pig. However, minimization of total farm output of P can not be 
accomplished without first minimizing waste feed. In conclusion, many complex factors 
affect P excretion by the pig. 
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CHAPTER 3. DIETARY AVAILABLE PHOSPHORUS NEEDS OF 
HIGH LEAN PIGS 
A paper to be submitted to the J oumal of Animal Science 
B.R. Frederick and T.S. Stahly 
Abstract 
Seven sets of five littermate gilts from a high lean strain were used to determine the 
dietary available phosphorus (AP) needs of high lean pigs fed from BW (± 1) of 7 to 23.5 kg. 
Pigs were weaned via a segregated early wean scheme, individually penned, and randomly 
allotted within litter to a basal com-soybean diet containing one of five dietary AP 
concentrations (0.30, 0.40, 0.50, 0.60, and 0.70%). Dietary AP concentrations were achieved 
by the substitution of mono-di calcium phosphate for starch and calcium carbonate 
(limestone) while the calcium concentration remained constant at 1.15%. Dietary AP in each 
feed source was estimated as analyzed phosphorus times the following assumed 
bioavailability (%): com, 13; soybean meal, 26; whey 77; mono-dicalcium phosphate, 100. 
Pigs were fed the basal diet (0.30% AP) from BW of 5 to 7 kg and then placed on their 
respective experimental diet. Pigs were allowed ad libitum access to feed and water. A 
deuterium oxide dilution technique was used to estimate body protein and fat gain. Serum 
alpha-1-acylglycoprotein concentrations indicated the pigs experienced a moderate level of 
antigen exposure. As dietary AP concentration increased, BW gain to feed ratios improved 
linearly (685, 735, 757, 766, and 788 g/kg, P < 0.01). Rate of body protein accretions also 
increased linearly (98, 100, 105, 108, and 105 g/d, P < 0.11) as dietary AP increased, 
whereas body fat accretions decreased linearly (51, 48, 50, 48, 37 g/day, P < 0.09). Body 
weight gains were not altered by increased AP concentrations (565, 568, 597, 589, and 583 
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-- .g!.d)-.Based on breakpoint -anal.ysis,-high .leanpigs fed from 7 to 23.5 kg bodyv:1eight require. 
daily 5.2 ± 0.6, 5.3 ± 0.9, and 5.0 ± 1.0 grams or 0.68, 0.64, and 0.67% (assuming 780 g of 
daily feed intake) of dietary AP to maximize body protein gain, efficiency of feed utilization, 
and body weight gain respectively. Inadequate intakes of dietary AP lower the pig's capacity 
for proteinacous tissue accretion. Based on these data an additional 0.48 g/d of dietary AP or 
0.062% AP would be needed to support expression of an additional 10 g of body protein gain 
in lean pigs fed from 7 to 23 kg BW. 
Introduction 
Phosphorus is an essential mineral required for maximal growth and efficiency of 
feed utilization. Eighty percent of phosphorus in the body can be found in bone. The 
remaining 20% of body Pis present in soft tissue and used in a multitude of metabolic 
functions. Nucleotides such as phospholipids, nucleic acids, and ATP contain phosphorus. 
The inorganic form is also important to cell function, as a component of the membrane 
bilayer, and acid-base balance of nutrients within the body. 
Seventeen percent of total body P is present in muscle (0.2%, wet tissue), whereas body 
fat contributes 0.5% to total body P stores and is relatively low in P content (0.04%, wet 
tissue) (Nielsen, 1973). Previous research indicates pigs retain approximately 37 to 39 g of P 
per kg of protein gain (Jongbloed, 1987). Therefore it is hypothesized that the phosphorus 
needs of the pig increase as the animal's capacity for muscle growth increases. Prior research 
has indicated the dietary available phosphorus (AP) required to maximize feed efficiency 
(BW gain/feed intake) may be related to the genetic capacity for lean gain (Bertram et al., 
1994a, 1994b; Stahly and Cook, 1997). 
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The objective of this study was to determine dietary AP needs of young pigs (7 to 23.5 kg 
BW) with a high biological capacity for lean tissue growth. 
Materials and Methods 
Seven sets of five littermate gilts from a genetic strain with a high capacity for lean 
tissue growth were weaned at 10 ± 2 days of age and placed in individual pens (0.61 m by 
1.22 m). A segregated early-weaning scheme, including the intramuscularly administrated 
ceftiofur sodium (5 mg/kg BW) on days 0, 1, and 2 post-weaning, was used to minimize 
antigen exposure. Pigs were fed a milk-based, pelleted diet for 8 days post-weaning and then 
were given the basal diet (0.30% available P) until the average pig weight in each litter 
reached 7 ± 1 kg. At this time, pigs were randomly allotted within litter (block) to one of the 
five dietary AP concentrations (0.30, 0.40, 0.50, 0.60, or 0.70%) (Table 1). 
The dietary AP concentrations were achieved by the addition of mono-dicalcium 
phosphate in the basal diet at the expense of starch and limestone. Dietary calcium 
concentrations remained constant at 1.15% across diets. The diets were formulated to meet or 
exceed the nutrient needs ( except phosphorus) of high lean pigs experiencing a low level of 
chronic antigen exposure. Diets were formulated to contain 1.8% total lysine. Representative 
samples of each diet were analyzed by colormetric determination. Briefly, 0.5 g of sample 
was digested, aspirated, and heated at 420 °C in 7 ml of sulphuric acid for 2 h. Colometric 
absorption were determined on subsequent dilutions by spectrophotometer (AOAC, 1975). 
Pigs were allowed ad libitum access to water and experimental diets through the 
duration of the study. Body weight, feed disappearance, and refused feed was collected every 
4 h. Refused feed was dried (105 °C), weighed, and the weight was subtracted from the feed 
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disappearance, after equilibration for dry matter content, to determine feed intake 
estimations. Pigs were fed their experimental diets until each pig reached 23.5 ± 1 kg BW. 
A deuterium oxide dilution technique was used to estimate body protein and fat gain 
at the initiation and termination of the experiment (Rudolph et al., 1988; Schenck et al., 
1992). Deuterium oxide (0.2 g/kg body weight) was administered via an ear vein and allowed 
to equilibrate throughout the body for 2 hours. Blood was collected into heparinized tubes via 
the pre-orbital sinus. The blood was then frozen (-20 °C), until sublimation could be 
performed to obtain the aqueous portion. Concentrations of deuterium oxide were determined 
with the use of an infrared spectrophotometer by the procedure of Byers (1979). 
Immune status was evaluated by serological titers and serum alpha-1-glycoprotein 
(a1-AG). Serum, extracted from 10 ml of blood collected from one pig in each replication at 
initiation and termination of the trial, was examined for ~lassify immune status during the 
experimental period. Serological titers for Actinobacillus pleuropneumoniae (APP), 
Mycoplasma hyopneumonia (MP), porcine reproductive and respiratory syndrome virus 
(PRRS), swine influenza virus (SIV), and transmissible gastroenteritis (TGE) were 
determined by complement fixation, ELISA, ELISA, hemagglutination inhibition, and serum 
virus neutralization assays, respectively (Veterinary Diagnostic Laboratory, Iowa State 
University). Further evaluation of immune status was accomplished by quantification of a 1-
AG. Briefly, serum (5 µl) and standards were applied to individual wells of an agar gel plate 
containing specific antiserum for a 1-AG. Plates were incubated at 37 °C for 48 hat which 
time the diameter of migration through agar plate was quantified. Regression of standards 
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provided an equation for estimation of a 1-AG present in serum sample, given the 
concentration is directly proportional to the migration through the agar plate. 
Data were analyzed as a completely randomized block design. Litters were considered as 
the blocks and the pig was the experimental unit. One- and two-slope breakpoint analyses 
were performed to determine inflection points and estimate P intake requirements. Data were 
grouped into three equal categories, by weight, and identified as three individual stages of 
growth (bodyweights of 5.5 to 12.2, 12.2 to 18.9, and 18.9 to 25.6 kg) and identified by 
means of 8.9, 15.6, and 22.3 kg BW. Response differences were considered at the P < 0.05 
level, while a response tendency was considered at the P < 0.15 level. 
Results 
Dietary composition 
Chemical analysis indicated total dietary P concentrations were within 4% of 
calculated values (Table 2). Moreover, the incremental increase of dietary AP, determined by 
multiplying the calculated bioavailibility of the diet by the total P concentration, was 
relatively constant, 0.09 to 0.11 % of diet. Thus, actual concentrations and incremental 
increases of dietary available P were relatively close to the calculated values. 
Immune status 
In relation to previous research conducted at our station, the pigs in this trial 
experienced a moderate level of antigen exposure based on serological titers and serum AGP 
concentration (Table 3). During the study the pigs developed serological titers for MP 
indicating a moderate level of antigen exposure had occurred. Such an exposure is associated 
with a reduction in the animal's capacity for proteinaceous tissue growth (Stahly and Cook, 
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1996). However, the relatively low serum AGP values exhibited by the pigs at the initiation 
and completion of the study the pigs experience a low level of immune system activation. 
Dietary available phosphorus effect 
Feed intake across diets was constant throughout the 8.9 and 15.6 kg BW growth 
stage (Table 4). However, the feed intake decreased linearly with increases in dietary AP in 
the 22.3 kg BW growth stage. Dietary AP had no effect on body weight gain in any of the 
growth stages. Efficiency of feed utilization, expressed as BW gain per unit of feed intake, 
increased linearly in the 8.9 and 15.6 kg BW growth stages. However, the improvement in 
efficiency of feed utilization associated with increases in dietary AP was not present during 
the last stage of growth (22.3 kg BW). 
Over the duration of the study, voluntary feed intake tended to decrease linearly (P < 
0.08) as dietary AP levels increased from 0.30 to 0.70%, but daily gain was not affected 
(Table 5). Although, bodyweight gain was maximized at 0.50% AP, the amount ofBW gain 
per unit of feed intake was increased linearly (P < 0.01) as dietary AP concentrations 
increased from 0.30 to 0.70% and was maximized at 0.70% AP. The rate of body protein 
accretion tended to increase linearly (P < 0.11 ), whereas body fat accretion tended to 
decrease (linear, P < 0.09) with increases in dietary AP concentrations. The proteinaceous 
tissue content of bodyweight gain (ratio of fat gain to protein gain) decreased linearly (P < 
0.01) with increases in dietary AP. Dietary AP intake per unit of protein gain increased 
linearly from 27 to 52 g/kg of protein gain as dietary AP increased (P < 0.01). 
The one slope, but not the two-slope breakpoint analysis was appropriate for analysis. 
Based on one slope breakpoint (assumed plateau above the breakpoint) of individual pig data 
(n = 35) BW gain, efficiency of feed utilization, and body protein gain were optimized at 
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dietary AP intakes of 5.3 ± 0.9, 5.0 ± 1.0, and 5.2 ± 0.6 g of AP/d, respectively. These dietary 
AP intakes resulted in daily BW gain of782 g/d, BW gain per kg of feed of 611, and daily 
body protein gain of 112 g/d (Table 6). 
Discussion 
The current estimated requirements for dietary available phosphorus for bodyweights 
of 5 to 10, 10 to 20, and 20 to 50 kg are 2.0, 3.20, and 4.27 g of AP/d or 0.40, 0.32, and 
0.23% of the diet, respectively (NRC, 1998). Feed intake increases faster than bodyweight as 
the pig matures. Therefore, dietary nutrient needs expressed as a percentage of the diet 
decline over time during periods of growth. 
Results from the current study that the rates of body protein accretion were altered by 
up to 10 g/d in young pigs (7 to 23 kg BW) as dietary AP increased. Dietary AP intakes (5.2 
g AP/d) estimated to optimize body protein accretion. One gram of dietary AP supported 21 
g of body protein gain and 148 g of bodyweight gain. Based on these data an additional 0.48 
g/d of dietary AP or 0.062% AP would be needed to support expression of an additional 10 g 
of body protein gain in lean pigs fed from 7 to 23 kg BW. In more mature pigs, in which 
mineralization of bone proteins represent a lower proportion of total accrued body proteins, 
only 0.8g of dietary AP is estimated to be needed to support 21 g of body protein gain 
(Jongbloed, 1987). 
As dietary AP intakes fall below the estimated need of the pig, a portion of the pigs' 
need for P to support proteinacous tissue accretion likely is provided by mobilization of bone 
P. For example, regression of dietary AP intake against body protein accretion estimates that 
78 g of body protein would be accrued at O g/d of AP intake. These data indicate that the 
phosphorus molibilization from the skeleton is being used to achieve this level of accretion. 
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Excess calcium in relation to P decreases the digestibility of P (Sandberg et al., 1993). 
Therefore, the calcium to phosphorus ratio is an important consideration in determining the P 
needs of pigs. High Ca:P ratios tend to increase estimations of the P requirement. However, 
Ca:P ratio is more important in diets which are deficient in P (Qian et al., 1996). NRC (1998) 
estimated the requirements for the total Ca:total P ratio and total Ca:AP are 1.23 and 2.00 for 
5 to 10 kg BW and 1.16 and 2.19 for 10 to 20 kg BW. Some research indicated the ideal total 
Ca:AP ratio is between 2:1 and 3:1 (Jongbloed, 1987). However, insufficient research is 
available in this area. In the current study calcium remained constant, 1.15% total calcium, 
while the P concentration varied. In the current study total Ca:total P and total Ca:AP ranged 
from 1. 13 to 1.85 and 1.64 to 3.82, respectively. Therefore, the 0.40 to 0.60% AP diets were 
within the estimated ideal range. However, if the ideal ratio is greater than 2:1 the estimated 
need for P may be overestimated. 
Increased antigen exposure decreases the requirement for dietary P (Stahly and Cook, 
1996). In the current study, pigs experienced a moderate level of antigen exposure. 
Therefore, a reduction of antigen exposure would increase the rate of protein gain and 
potentially increasing the dietary AP estimates. 
Data from the current study indicate the dietary available phosphorus needs for pigs 
from 7.5 to 23.5 kg BW that possess a high capacity for lean growth required to maximize 
BW gain and efficiency of feed utilization (gain:feed) are 0.50 and 0.70% dietary AP, 
respectively. However, dietary AP needs are 5.3, 5.0, and 5.2 g of AP/d for BW gain, 
efficiency of feed utilization and daily protein gain for this stage of growth, respectively 
(Table 6). Assuming feed intakes of 780 g/d dietary AP needs are 0.68%, 0.64%, and 0.67% 
dietary AP, respectively. Therefore, the current study suggests that the dietary AP needs of 
57 
high lean pigs experiencing a moderate level of antigen exposure are 1.8 to 2.3 times greater 
than the current estimations (NRC, 1998) for 5 to 25 kg pigs. Furthermore, pigs from 7 to 23 
kg BW with a high biological capacity for lean gain and moderate level of immune activation 
estimated to require 0.48 and 0.08 g of dietary AP to support each 10 g ofbody protein and 
BW gain, respectively. 
Inadequate intakes of dietary available phosphorus result in less effective utilization 
of feed allowing for the production a pig with a lower percentage of lean muscle tissue. 
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Table 1. Composition of diets (% ). 
Available Phosphorus , % b 
Ingredient a 0.30 0.40 0.50 0.60 0.70 
Com 17.11 17.11 17.11 17.11 17.11 
Soybean meal, 48% 50.62 50.62 50.62 50.62 50.62 
Whey, dried 20.0 20.0 20.0 20.0 20.0 
Lactose 5.0 5.0 5.0 5.0 5.0 
Com oil 2.0 2.0 2.0 2.0 2.0 
L-Threonine 0.10 0.10 0.10 0.10 0.10 
D,L-Methionine 0.35 0.35 0.35 0.35 0.35 
Salt 0.40 0.40 0.40 0.40 0.40 
Choline Cl, 60% 0.30 0.30 0.30 0.30 0.30 
Trace mineral/vit mixc 0.48 0.48 0.48 0.48 0.48 
Mono-dicalcium phosphated 0.66 1.22 1.77 2.33 2.89 
Limestone 1.78 1.43 1.09 0.75 0.40 
Com starch 1.2 0.99 0.77 0.56 0.35 
aDietary AP concentrations were achieved by altering the amounts of mono-dicalcium 
f hosphate, limestone, and starch. 
Assumed bioavailability of phosphorus,(%): com, 13; soybean meal, 25.8; whey, 77; mono-
dicalcium phosphate, 100. 
cProvided the following per kilogram of diet: Cu, 17.5 mg; Fe, 175 mg, Mn, 60 mg; Zn, 150 
mg; Selenium 0.24 mg; biotin, 0.13 mg; folacin, 1.15 mg; niacin, 68. 7 mg; panothenic acid, 
46.5 mg; riboflavin, 17.1 mg; pyridoxine, 4.55 mg; vitamin E, 75.9 mg IU; vitamin A, 
11,479 IU; vitamin D, 1322 ICU; vitamin K, 2.35 mg; vitamin B12, 87.9 µg. 
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Table 2. Dietary phosphorus and calcium concentrations (% ). 
Dietary available phosphorus (AP), % 
Item 0.30 0.40 0.50 0.60 0.70 
Calculated nutrient concentration, % 
Total P 0.62 0.72 0.82 0.92 1.02 
Total Ca 1.15 1.15 1.15 1.15 1.15 
Ca:Total P 1.85 1.60 1.40 1.25 1.13 
-
AP 0.30 0.40 0.50 0.60 0.70 
Ca:APa 3.83 2.88 2.30 1.92 1.64 
Analyzed nutrient concentration, % 
Total P 0.65 0.77 0.86 0.96 1.07 
APa 0.32 0.43 0.52 0.62 0.73 
aThe available P concentrations determined as analyzed P concentrations in each ingredient 
times the assumed bioavailability of P in the ingredient (Table 1 ). 
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Table 3. Immune status of pigs. a 
Stage of growth 
Criteria Initial Final 





TGE + + 
Serum acute phase protein, ug/ml 
a1-AG 733 379 
aActinobacillus pleuropneum<;>niae (APP), Mycoplasma hyopneumoniae (MP), porcine 
reproductive and respiratory syndrome (PRRS), swine influenza virus (SIV), transmissible 
gastroenteritis (TGE), and alpha-1-glycoprotein ( a 1-AG). 
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Table 4. Effect of dietary AP on pig performance, by stage of growth. 
Dietary available phosphorus (AP), % 
Criteria 























aLinear effect of diet, P < 0.05. 














































Table 5. Pig growth, feed utilization, and body nutrient accretion. 
Dietary available phosphorus (AP), % 
Item 
Pig weight, kg 
Initial 
Final 
Growth and feed utilization 
Feed intake, g/ d 
BW Gain, g/d 
Gain:F eed, glkt 













Linear effect of available P: ap < 0.01. 
Linear effect of available P: b P < 0.11. 
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Table 6. Breakpoint estimates for dietary phosphorus requirements. 
Requirement Max AP<Req 
Criteria (R) (L) (U) 
BW gain, g/d 5.3 ± 0.9 782 28 
g/d 
BW gain (g):feed (kg) 5.0 ± 1.0 611 28 
g/d 
Protein gain, g/d 5.2 ± 0.6 112 6.5 
g/d 
Protein gain, g/d 0.330 109 88 
g/kgBW 
bSlope of line when dietary AP is below (AP<Req) or above (AP<Req) the inflection point 
(requirement= req). 
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CHAPTER 4. MINIMUM BIOLOGICAL CAPACITY FOR PHOSPHORUS 
EXCRETION IN PIGS 
A paper to be submitted to the J oumal of Animal Science 
Brent Frederick and Tim Stahly 
Abstract 
The objective of this study was to determine the minimum biological capacity for P 
retention for pigs expressing maximum body P and N accretion. Twenty-four barrows were 
allowed free access to semi-purified diets consisting of highly available sources of 
phosphorus (non-phytate P) and nitrogen (ideal amino acid concentrations relative to lysine). 
The dietary regimens were designed to minimize undigestable P, secretion of endogenous P, 
and absorbed P in excess of the animals' need. Total dietary P and N were initially provided 
for 4-d adjustment period at constant concentrations of 0.70% and 3.41 %, respectively. Pigs 
were then fed control concentrations or lowered concentrations of P and/or N every 2 d for 8 
d to achieve minimal excretion of available P (< 2% of dietary total P intake as inorganic P) 
and N ( < 10% of dietary N intake as urea) in the urine. Control total dietary P and N 
concentrations ranged from 0.70 to 0.85% and 3.41 to 3.74%, respectively. Adjusted dietary 
P and N concentrations were achieved by lowering N and P by increments of approximately 
0.03 and 0.40%, respectively, to achieve minimum dietary concentrations ranging from 0.61 
to 0.65% and 2.12 to 2.54%, respectively. The process was then reversed and dietary P and 
N concentrations were raised every 2 d for 10 d to equal the control dietary N and P 
concentrations. Dietary P and N concentrations were achieved by altering the contribution of 
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_a calcium and phosphorus mix ( 4_1.6% CaCO3, 30.1 % NaPO4), protein mix (whey proteins, 
casein, amino acids), and energy mix (cornstarch, com oil, dextrin) with a constant 
concentration of a vitamin-mineral mix. All mixes contained a 2: 1 total Ca to non-phytate P 
ratio. Based on two slope breakpoint analysis, the inflection point for body P retention per 
unit of digested P (dP) intake was achieved at an intake of563 ± 20 g of dP·kt1BW·75·d-1• 
Phosphorus excretion of pigs with intakes at or below the inflection point consisted of 3 7 ± 6 
mg of P·ki1BW·75·d-1 of urinary P and an average of222 mg of P·kt1BW·75·d-1 of undigested 
fecal P, which was highly dependent on P intake (29.8 ± 0.9% of total dietary P). Dietary P 
intakes below the breakpoint resulted in 95% efficiency for P retention. Phosphorus excretion 
at intakes above the inflection point increased urinary P representing 48.5 ± 5.0% of dP 
intake. Dietary P intakes below the inflection point maximize efficiency of digested P for P 
retention while minimizing urinary P excretion. 
Introduction 
Phosphorus is involved in many physiological and biochemical functions of the body 
including acid-base balance, muscle metabolism, and intermediary metabolism of 
carbohydrates, fats, protein, and nucleotides. Bone is the primary storage site of P 
representing 80 to 85% of total body P. The remaining Pis present in muscle and 
proteinaceous tissues, which have relatively high concentrations of P, and to a lesser extent in 
fat (Jongbloed, 1987). Insufficient dietary P intake negatively affects pig growth rate and the 
efficiency of feed utilization (Bertram et al., 1994). Furthermore, prolonged P deficiency 
eventually results in rickets and ultimately death. Therefore, sufficient dietary P intake is 
essential for maximum protein and phosphorus accretion. 
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However, excessive application of pig manure as a natural source of nitrogen and 
phosphorus on farmlands can result in excessive nutrient accumulation in the soil. Possible 
soil erosion may cause soil P to reach surface water sources. An excess accumulation of P in 
fresh water supplies ultimately leads to the eutrophication of ponds and lakes. Therefore, 
minimizing the P excretion would decrease the opportunity for P accumulation in soil and 
quite possibility the threat of environmental eutrophication. 
The concentration and availability of dietary P are the primary factors affecting P 
excretion. Plant ingredients commonly used in pig diets contain phytate bound P, which is 
unavailable to pigs because pigs do not endogenously produce the required enzyme, phytase, 
which cleaves the phosphate groups required to free the phosphates, which are absorbed in 
the small intestine (Pointillart et al., 1984 and Pointillart, 1993). Digestibility of dietary P is 
therefore positively correlated to the amount of P that is available for digestion and 
absorption. Therefore, diets containing phytate bound P have low phosphorus digestibility 
and fecal P excretion is approximately 40 to 80% of dietary P intake (Jongbloed, 1987). 
Gastrointestinal bacteria, sloughed mucosal cells, phospholipids associated with bile, and P 
that has been secreted into the intestine from the body account for the presence the 
endogenous fecal P losses (Rodehutscord et al., 1998), which contributes to total fecal P 
excretion. Upon absorption, P that is not required by the pig is subsequently excreted via 
urine. Therefore, the objective of this study was to determine the minimal biological capacity 
for P excretion of pigs expressing maximum body P and N accretion. 
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Materials and Methods 
Feeding regimens 
The objectives of ingredient selection and diet formulation was to maximize P 
availability, minimize secretion of endogenous P loss, and minimize excess dietary P intakes 
above each pig's biological needs. The first criterion was satisfied by selecting ingredients 
which were low or devoid of phytate bound P thereby maximizing P availability. Minimal 
dietary fiber and dietary antibiotic were incorporated to minimize endogenous fecal P 
excretion associated with bacterial waste and enterocyte sloughing. The last criterion was 
met by varying the concentrations of four individual component mixes: energy, protein, 
calcium/phosphorus, and mineral/vitamin (Tables 1-4) for incorporation into complete diets 
( control, Table 5). 
The mineral/vitamin mix (table 3) provided essential minerals and vitamins at or above 
current recommendations (NRC, 1998) and represented 4% of the complete diet regardless of 
adjustment. Neutral detergent fiber and crude fat, as a ratio to metabolizable energy, were 
equal across the energy and protein mix. Crude fiber required for optimum gastrointestinal 
health and reduce incidence of gastric ulcers associated with feeding diets with extremely 
small particle size, was included, as com bran, at a minimal inclusion rate in an effort to 
minimize its effect of P digestibility. 
Reagent grade calcium carbonate (Fisher, 38.5 % Ca) and/or monosodium phosphate 
(XP3, 26.6% P) was incorporated in each component mix as required to maintain a constant 
total calcium:non-phytate P ratio of 2:1 in each component mix. None of the feed ingredients 
contained phytate bound P with the exception of com bran, which has a low P content and 
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thus represented an insignificant amount (<0.02% of P) phytate P. Therefore, these dietary P 
sources would be expected to have high P bioavailability. 
The energy mix (Table 1) provided carbohydrate components with varying times of 
absorption to provide a constant energy supply during the diurnal feeding pattern of pigs. 
Energy sources included cornstarch (B700 Grain Processing Corporation), maltose dextrin 
(Grain Processing Corporation), com oil, and com bran (Cargill, Inc.). 
The protein mix (Table 2) was formulated to contain an ideal pattern of amino acids 
( essential and nonessential) relative to lysine (Bunce and King, 1969; Fuller et al., 1989; 
Chung and Baker, 1992). Protein sources included casein (Alacid 710 Edible Acid Casein 
from New Zealand Milk Products, Inc.), whey protein concentrate (AMP 8000 from AMPC, 
Inc.), and crystalline amino acids. 
The basal diet (Table 5) contained 0.70% AP and 3.41 % N (1.5% apparent ileal 
digestible lysine). These predetermined dietary concentrations of AP and N were considered 
to meet or exceed the biological needs of pigs based on previous studies with the same 
genetic strain at similar bodyweights and immune status (Stahly and Cook, 1996; Williams et 
al., 1997; Frederick and Stahly, 2000). During the study, dietary non-phytate P (NPP) was 
provided to pigs at a concentration above, equal to, and below their expected biological needs 
for maximum growth based on the resulting urinary inorganic P excretion, an indicator of in 
vivo P status. Additionally, pigs were also provided dietary nitrogen intakes above, equal to, 
and below their biological needs for N as determined by the resulting urinary urea N to 
determine the effects of dietary N regimen on P excretion and accretion. 
Six sets of four littermate barrows from a genetic strain with a moderate capacity for 
lean growth (daily protein gain from 80 to 95 g/d) were weaned at 12 ± 2-d of age and placed 
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in individual collection pens (twelve - 0.61 x 1.22 m and twelve - 0.61 x 1.5 m). Pigs were 
allowed ad libitum access to feed and water for the duration of the study. Pigs were fed a 
milk-based, pelleted feed for 18-d prior to initiation of the study. Pigs were then fed the semi-
purified, basal diet for 4 days. Following the 4-d adjustment period, pigs were randomly 
allotted within litter to one of four feeding regimes: 1) control dietary concentrations of NPP 
and N (CP, CN), 2) control dietary NPP and dietary N adjustments to reduce urinary N 
excretion to the biological minimum (CP, AN), 3) dietary NPP adjustments to reduce urinary 
P excretion to the biological minimum and control dietary N (AP, CN) and 4) dietary NPP 
and N adjustments to decrease urinary P and N excretion (AP, AN) to the biological 
minimum. Dietary NPP and N adjustments were accomplished by lowering the dietary 
concentrations of nutrient(s) in three consecutive 2-d intervals until the urinary inorganic P 
and/or urea N were minimized. During the first two dietary adjustments, periods 2 and 3, the 
dietary concentration of nutrient(s) was adjusted as estimated to reduce excretion by one 
third of the average reduction required minimize P and N excretion. Dietary adjustment 
decisions were made in response to P and/or N concentration(s) of urine from the first day of 
each collection period. Therefore, all pigs within the appropriate treatment were fed the same 
adjusted dietary P and/or N concentration during periods 1 through 3 and 5 through 9. 
However, the final reduced dietary adjustment, period 4, was made on each individual pig in 
order to meet and not exceed the each pig's individual requirement for the given nutrient(s) 
and minimal excretion level. Subsequently, the process was reversed and dietary N and/or 
NPP concentrations were raised in five consecutive, incrementally equal 2-d intervals until 
the dietary nutrient concentration of each adjustment equalled the dietary concentration of the 
basal diet. Dietary adjustments were fed on the third day according to the urinary inorganic P 
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and urea N from the first day of the previous 2-d collection period. Thus, urinary inorganic P 
and urea N served as indicators of P and N status, respectively. 
Dietary AP concentrations for each collection period are presented in Table 6. The 
dietary NPP concentration of the control diet (CP) was increased from 0.70 to 0.77% and 
0. 77 to 0.85% NPP for collection periods three and five, respectively. The dietary N 
concentration in the basal diet was increased from 3.41 % to 3.74% N for collection period 
three. These increases in dietary N and NPP for the basal diet were in response to lower than 
expected urinary inorganic P and urea N, respectively, which indicated dietary NPP and N 
were not consistently exceeding the pig's need(s). The experimental feeding period was 
effective for 18-d, from 15.8 ± 2.2 kg to 28.2 ± 3.7 kg BW. 
Animal care 
Pigs were raised via an early wean management scheme. Intramuscular injections of 
25 mg ceftiofur (Naxcel, Upjohn Animal Health) were administered on d-1, 2, and 3 post-
weaning. The initial ambient temperature of 30°C was lowered 1 °C every 2 d thereafter. 
Visual appearance health was noted and recorded daily. The procedures employed were 
approved by Iowa State University's Committee on Animal Care (COAC). 
Sample and data collection 
Feed disappearance was recorded daily and feed wastage was collected in trays beneath 
the feeder, dried, and weights recorded then subtracted from the feed disappearance to more 
accurately determine actual feed consumption. Bodyweights were recorded at the initiation 
and termination of each 2-d collection period. 
Total phosphorus of ingredients and diets was analyzed in triplicate and urine and 
feces P was determined in duplicate, by AOAC (1990) methods with the modification that 
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samples were digested in 7 ml of sulfuric acid rather than perchloric acid. Total excreted 
fecal matter was collected from each pig for each 2-d collection period, weighed, 
homogenized with 1 N HCl for storage, freeze dried to determine DM content, ground 
through a 0.5-mm screen, and stored in air tight, glass containers until chemical analysis was 
performed. Each day urine was collected through filtration into collection plastic containers 
containing 25 ml of a mixture of concentrated hydrochloric acid (HCl):toluene (2: 1) in an 
effort to minimize volatilization. A sub sample of urine from d-1 of the collection period was 
filtered to remove contaminates (including waste feed) and analyzed for inorganic P (Fiske 
and SubbaRow, 1925) by a Technicon AutoAnalyzer within 5 h after collection. These 
urinary inorganic P values were used as an indicator of P status and were used to determine 
the degree of dietary P adjustment for the next collection period. A 500-ml aliquot, made 
from the remaining urine from d-1 of the collection and that from the 2-d collection period, 
was stored in a Nalgene® bottle until total P analysis was performed. Total N concentrations 
of all samples were determined by the Kjeldahl procedure (AOAC, 1990). 
Immune status was determined by the appearance of serological titers for 
Actinobacillus pleuropneumoniae (APP), Mycoplasma hyopneumoniae (MP), and Porcine 
Reproductive and Respiratory Syndrome (PRRS), swine influenza virus (SIV), and 
transmissible gastroenteritis (TGE). Furthermore, serum alpha-1-glycoprotein (AGP) 
concentration was analyzed to further estimate the level of antigen exposure (Williams et al., 
1997). These immune parameters were evaluated from the blood of one pig from each 
replication bled from the pre-orbital sinus at the initiation and termination of the study. 
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Statistical analysis 
Data were analyzed as a completely randomized block design with factorial 
arrangement ( dietary N by NPP) using the GLM procedure of SAS (1998). Pigs were 
blocked by litter and the pig was considered the experimental unit. One and two-slope 
breakpoint analysis were perform to determine inflection points for response criteria. 
Regression analysis was performed to estimate undigested P, endogenous losses via urine 
and fecal matter, and the amount of unused P absorbed by the pig and excreted. 
Results and Discussion 
Immune status 
Pigs did not show any signs of an acute or chronic disease challenge. Additionally, 
pigs were negative for Actinobacillus pleuropneumoniae, Mycoplasma hyopneumoniae, and 
Porcine Reproductive and Respiratory Syndrome (PRRS) as determined by serological titers 
at the initiation and termination of the study. However, serological titers for swine influenza 
virus and transmissible gastroenteritis were positive at the initiation and termination of the 
study. These titers were considered passively acquired and not considered to significantly 
affect the health of the pigs. Furthermore, serum alpha-1-glycoprotein performed at the 
initiation and termination of the study, 734 µg/ml and 395 µg/ml, respectively, would 
classify these pigs to have a moderate immune status for this stage of growth and 
management scheme. 
Phosphorus digestibility 
Total fecal P was not affected (P > 0.10) by dietary P or N feeding regimens with the 
exception of period six (Table 7). Adjustments of dietary P and N did not lower total urinary 
P excretion or apparent P digestibility (P > 0.10). The P digestibility of the total diet was 
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excepted to range from 80 to 90%. However, the actual P digestibility was closer to 70%. 
Many factors have the potential to reduce P digestibility. A wide Ca to P ratio will cause Ca 
to bind phosphate to form insoluble salt. Other cations such as Mg, Al, and Fe can form 
insoluble complexes. Another hypothesis is that as dietary P intakes increase above the 
animals' requirement less cholecalcitriol is converted to the active form. The active form 
(1,25 D3) is required for calbindin synthesis that is important in calcium transport and may 
trigger transcription of other specific carrier proteins (DeLuca, 1988). Previous researchers 
experience similar responses to increased concentrations of P from highly available sources 
reporting values ranging from 80% at 4 g of P/d (~35 kg BW) to 55% at much higher 
concentrations (Rodehutscord et al., 1999). 
Assuming digested P is excreted via urine if an animal is fed above the animal's P 
requirement, the dietary digestible P ( dP) intake in this experiment did not significantly 
exceed the pig's requirement, thus limiting the expected urinary P response expected in the 
control dietary P ~reatment. Therefore, the control dietary P concentration was increased 
twice in an effort to meet the P requirement and compensate for the initially low 
concentrations of dietary dP. The increase in dietary P resulted in limited responses of 
urinary P and possibly was deposited in bone. 
Estimates of the minimum biological capacity for P excretion 
Using two-slope breakpoint analysis of urinary P excretion and dietary digested P 
( dP), the amount of apparent digested phosphorus (R) needed to optimize the efficiency for 
body P retention (L) was determined to be less than or equal to 563 ± 20 mg·kt1BW·75·d-1 
(Figure 1, Table 8). At this dP, body P retention was 526 ± 16 mg·kt1BW·75·d-1. The 
efficiency of dP utilization for body P retention at and below the breakpoint is 95.2 ± 3.8% 
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(Table 8), which is obtained from the slope of the line below the breakpoint. Therefore, for 
every gram of dP consumed 0.952 g of Pis retained. However, the efficiency ofretention 
above the breakpoint intake results is a substantially lower, 51.5%. This lower efficiency of 
retention is assumed to be due to the P need for body protein accretion The requirement has 
been met and the additional P is being excreted in the urine. Since the efficiency for retention 
is lower than 100% it is hypothesized that some of the P is entering bone and not excreted. 
The estimated urinary endogenous P at maximum efficiency for P retention is 4 
mg·ki1BW·75·d-1 was obtained from the intercept of urinary P excretion and zero intake. 
The current estimate of endogenous Ploss in urine is higher than literature estimates from 
pigs fed deficient P diets, 0.35 mg·ki1BW·d-1 (Rodehutscord et al., 1998). Therefore, 
inevitable, endogenous urinary P losses may be higher for pigs fed dietary P concentrations 
required to maximize the efficiency of P utilization for P retention than pigs fed deficient 
diets that does not promote high rates of P retention. 
Fecal phosphorus excretion is directly related to total dietary P and the digestibility of 
the dietary P sources. Breakpoint analysis confirmed this expectation given the criteria for 
neither the one nor two-slope breakpoint criteria were met. Therefore, linear regression 
analysis was performed on fecal P (y, SE= 24) and dietary P concentration (x, SE= 29) 
resulted in the following equation: y = 5 + 300 x. The intercept was considered the amount of 
endogenous Ploss, 5 mg·ki1BW·75·d-1, at zero dietary P, and the slope infers 300 mg of 
dietary P is excreted for every gram of P intake, which would correlate to 70% P digestibilty. 
Endogenous fecal P was considered constant across dietary P intakes. However, the 
undigested fecal P increased from 169 to 222 mg·kg-1BW·75·d-1 as dietary P intakes 
approached the need to optimize efficiency for P retention (Table 9). 
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In the current study, estimates of endogenous fecal losses, such as digestive secretions 
containing enzymes and mucosal cells that are renewed every three days considered at zero 
dietary P intake was 5 mg·ki1BW·75·d-1, which are similar to literature values (1.3 to 6.5 mg 
per kg BW) (Jongbloed, 1987; Rodehutscord et al., 1998). Experiments conducted to 
determine the effect of calcium to phosphorus ratio have not been conclusive indicating 
increased (Cramer and McMillan, 1980) and decreased (Whittemore et al., 1972) amount of 
endogenous P losses with various ratios. Additionally, the amount of endogenous P losses 
may increase to approximately 5.8 mg per kg BW with increases in dietary P concentration 
(J ongbloed, 1987). Therefore, fecal P excretion from both endogenous losses and undigested 
dietary P is dependent on bodyweight and total dietary P intake. However, total dietary P has 
a greater affect on total fecal excretion than bodyweight because the endogenous excretion is 
relatively insignificant compared to that which is not digested. Thus, incorporation of highly 
digestible P sources, low in phytate bound P, and accurately matching the pig's P needs 
minimizes total P excretion. 
Excretion amount and composition 
The daily amount of fecal dry matter excretion mimicked dietary intake and was not 
•·· 
affected by dietary treatment (Figure 2). Daily urine excretion was only slightly variable 
within a period (Figure 3). However, the variation was higher between periods. The initial 
decline of urine volume was attributed to decreased feed intake and decreased wastewater 
from incidental contact by the pig because the nipple waterers were raised in two equal 
distances in periods 2 and 3. The increased urine volume after this period was most likely 
attributed to increased feed intake. 
The effects of dietary P and N feeding regimens on the urinary P and fecal composition 
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are illustrated in Figures 4 and 5. Urinary inorganic Pis a relatively accurate method used to 
monitor P status assuming excess digested P is excreted in urine when plasma concentration 
exceeds the maximum threshold (McIntosh and Scott, 1975). A majority of the P excreted in 
urine is in the inorganic form. Organic P in urine could potentially be a result of 
contamination by feed or urine that has passed by the fecal material. However, in the present 
study organic P sources were minimized by ingredient selection. Therefore, the organic P 
from feed contamination was virtually eliminated. The percent of inorganic P relative to total 
P was similar across regimens for the duration of the study (Figure 4). As expected, fecal P 
composition mimicked changes of dietary P concentrations (Figure 5) and increased 
throughout the duration of the study 
Table 9 indicates that at P maintaince or homeostasis the endogenous urinary, 
endogenous fecal, and undigested fecal Pare 4, 5, and 169 mg·ki1BW·75·d-1, respectively. 
Although endogenous urinary and fecal Pare the same at the highest dietary P for maximium 
efficiency for P retention as at maintaince of P status, the non-retained urinary excretion and 
undigested fecal P increased from Oto 33 and 169 to 222 mg·ki1BW·75·d-1,respectively. 
Therefore, the estimated difference between the highest dietary P intake required to achieve 
optimum efficiency for P retention is 86 mg·kg-1BW·75·d-1. Excretion of P above this 
breakpoint (563 mg·ki1BW·75·d-1) would increase rapidly as the contribution from non-
retained urinary P would increase from 4.8 to 48.5% of dietary dP intake in addition to the 
undigested fecal P. 
Phosphorus excreta production and composition during the study are presented in 
Table 10. Phosphorus output in this experiment was approximately 53% lower than 
commercial standards (ASAE, 1994) for pigs at 60 kg BW. Therefore, providing a diet with 
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high P availability and AP concentration at or below the concentration for optimal P retention 
can substantially decrease total P output from pigs. 
These data suggest minimal P excretion can occur at dietary dP concentrations that 
maximize the efficiency for P retention. Our estimates incidate intake at or below 563 mg·kg-
1BW·75·d-1 maximize efficiency for P retention 95%. Intakes above this concentration 
substainally decreases additional P retention to 52%. 
Implications 
Minimizing of total P excretion while maximizing the efficiency for P retention is 
dependent on providing dietary P from highly digestible phosphorus sources at concentration 
closely matching the pig's needs. Feed strategies and proper management schemes need to be 
developed to address excess P excretion. 
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acorn bran did not contribute a significant amount of phytate P to complete 
diets. 
Tabie 2. Composition of protein source. 
Ingredient 









































































a Provided the following per kg of diet: Biotin .3 mg, Folic acid 1.8 mg, Niacin 
85.1 mg, Pantothenic acid 57.9 mg, Riboflavin 19.6 mg, Thiamin 6 mg, 
Vitamin A 11, 125.7 IU, Vitamin D 1196.9 IU, Vitamin K 3 mg, Vitamin E 
78.6 IU, vitamin B12 0.09 mg, Vitamin B6 8.8 mg. 
b Provided the following per kg of diet: Iron 262.5 mg, zinc 225 mg, 
Manganese 90 mg, Copper 26.3 mg, Iodine .3 mg. 
c Provided the following per kg of diet: chlortetracycline 110 mg, 
sulfamethazine 100 mg, penicillin 50 mg. 
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Lysine, apparent ileal digestible 
Fat, ether extractable 
Energy, Kcal/kg 
a Adjusted dietary N and P concentrations were achieved by changing 






















Table 6. Dietary concentration (%) of total N and available P during each 
collection period. 
Dietary N and P Regimena 
Item Collection CP AP CP AP 
Period CN CN AN AN 
Available P, % 1 0.70 0.70 0.70 0.70 
2 0.70 0.68 0.70 0.67 
3 0.70 0.66 0.70 0.65 
4 0.77 0.65b 0.72c 0.64d 
5 0.77 0.68 0.77 0.67 
6 0.85 0.71 0.85 0.71 
7 0.85 0.75 0.85 0.75 
8 0.85 0.80 0.85 0.80 
9 0.85 0.85 0.85 0.85 
Total N, % 1 3.41 3.41 3.41 3.41 
2 3.41 3.41 2.97 2.97 
3 3.41 3.41 2.68 2.68 
4 3.74 3.74 2.42e 2.41[ 
5 3.74 3.74 2.76 2.76 
6 3.74 3.74 3.04 3.04 
7 3.74 3.74 3.27 3.27 
8 3.74 3.74 3.50 3.50 
9 3.74 3.74 3.74 3.74 
a Constant (C) and adjusted (A) dietary N and P regimens. 
b Mean of dietary% non-phytate P (NPP) from 6 pigs (0.66, 0.63, 0.65, 0.63, 0.66, 
0.66). 
c Mean of dietary% NPP from 6 pigs (0.75, 0.76, 0.70, 0.69, 0.70, 0.70). 
d Mean of dietary% NPP from 6 pigs (0.63, 0.65, 0.65, 0.65, 0.61, 0.64). 
e Mean of dietary% ofN from 6 pigs (2.45, 2.12, 2.45, 2.45, 2.54, 2.54). 
f Mean of dietary% of N from 6 pigs (2.12, 2.45, 2.45, 2.54, 2.45, 2.45). 
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Table 7. Responses to adjustments in dietary N and P. 
Dietary N and AP Regimensa Probb 
Collection CP AP CN AN 
Item Period •'- . SEMC p N P*N 
Feed Intake, g/ d 
1 1040 1147 1062 1124 49 0.29 0.45 0.47 
2 1052 1021 1026 1047 0.76 0.83 0.95 
3 938 1039 981 996 0.32 0.89 0.70 
4 703 850 777 777 0.15 0.99 0.67 
5 824 853 851 826 0.78 0.81 0.40 
6 1104 1059 1066 1097 0.65 0.76 0.36 
7 1149 1208 1217 1141 0.56 0.45 0.99 
8 1277 1243 1329 1191 0.74 0.18 0.66 
9 1264 1192 1304 1151 0.48 0.13 0.29 
Daily Bodyweight Gain, g/d 
1 805 726 759 772 56 0.36 0.88 0.73 
2 744 603 723 624 0.11 0.26 0.17 
3 391 575 511 455 0.04 0.52 0.84 
4 333 425 384 373 0.29 0.90 0.93 
5 605 623 690 538 0.84 0.08 0.37 
6 898 874 889 883 0.78 0.94 0.84 
7 850 885 871 863 0.69 0.93 0.77 
8 800 780 888 692 0.82 0.03 0.25 
9 791 741 793 738 0.57 0.53 0.93 
Feed efficiency, g BW gain/kg feed intake 
1 873 636 809 699 57 0.01 0.18 0.26 
2 718 578 704 591 0.09 0.17 0.09 
3 416 573 539 450 0.06 0.28 0.99 
4 451 465 435 481 0.86 0.58 0.81 
5 706 709 791 624 0.97 0.04 0.63 
6 827 825 834 818 0.98 0.84 0.54 
7 751 740 735 755 0.89 0.81 0.83 
8 642 628 684 585 0.86 0.23 0.47 
9 645 614 620 639 0.70 0.81 0.27 
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Table 7 ( continued) 
Dietary N and P Regimensa Probb 
Collection 
Item Period cp - AP CN AN SEMC p- N P*N 
P intake, g/ d 
1 7.27 8.03 7.43 7.87 0.38 0.03 0.56 0.50 
2 7.34 6.91 7.08 7.17 0.57 0.90 0.94 
3 6.55 6.81 6.66 6.70 0.74 0.96 0.68 
4 5.23 5.48 5.47 5.24 0.74 0.77 0.56 
5 6.34 5.76 6.17 5.93 0.45 0.74 0.46 
6 9.37 7.47 8.33 8.50 0.01 0.82 0.35 
7 9.75 9.09 9.73 9.11 0.39 0.43 0.96 
8 10.83 9.94 10.96 9.81 0.25 0.13 0.61 
9 10.74 10.13 11.09 9.78 0.42 0.09 0.23 
Urinary total P, g/d 
1 1.00 1.25 1.07 1.19 0.10 0.21 0.55 0.14 
2 0.66 0.67 0.67 0.66 0.87 0.96 0.89 
3 0.52 0.60 0.54 0.58 0.71 0.86 0.30 
4 0.21 0.21 0.21 0.22 0.98 0.99 0.96 
5 0.27 0.23 0.24 0.25 0.82 0.96 0.90 
6 0.49 0.44 0.42 0.51 0.80 0.66 0.93 
7 0.79 0.76 0.62 0.94 0.87 0.10 0.35 
8 0.65 0.48 0.62 0.51 0.37 0.59 0.70 
9 0.47 0.45 0.43 0.50 0.97 0.70 0.94 
Fecal Total P, g/d 
1 1.96 2.43 2.34 2.05 0.24 0.23 0.45 0.90 
2 1.69 1.72 1.66 1.76 0.94 0.80 0.19 
3 1.91 1.77 1.86 1.83 0.73 0.94 0.88 
4 1.42 1.54 1.45 1.50 0.76 0.91 0.54 
5 1.73 1.48 1.75 1.46 0.52 0.46 0.46 
6 2.98 2.28 2.51 2.75 0.08 0.54 0.75 
7 3.06 2.58 3.13 2.51 0.22 0.12 0.30 
8 4.06 3.53 3.89 3.70 0.18 0.62 0.09 
9 4.04 3.83 4.12 3.75 0.61 0.34 0.13 
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Table 7 ( continued) 
Dietary N and P Regimensa Probb 
Collection 
Item Period CP AP CN AN SEMC p N P*N 
Apparent P digestibility, % 
1 74.8 69.3 69.7 74.5 2.8 0.17 0.22 0.89 
2 77.0 75.2 76.6 75.6 0.66 0.80 0.09 
3 70.7 74.9 72.9 72.7 0.30 0.95 0.48 
4 73.8 71.7 73.2 72.2 0.61 0.81 0.63 
5 73.5 73.3 70.8 76.0 0.97 0.18 0.47 
6 68.7 69.2 69.9 68.0 0.90 0.64 0.94 
7 68.0 71.6 67.6 71.9 0.37 0.29 0.32 
8 63.3 64.5 64.8 63.0 0.78 0.64 0.04 
9 62.4 62.0 63.0 61.4 0.93 0.70 0.51 
P retained, g/ d 
1 4.31 4.35 4.01 4.64 0.30 0.94 0.22 0.72 
2 4.91 4.51 4.67 4.75 0.34 0.98 0.41 
3 4.12 4.44 4.26 4.29 0.52 0.95 0.73 
4 3.61 3.73 3.81 3.53 0.80 0.59 0.71 
5 4.34 4.60 4.18 4.22 0.58 0.94 0.62 
6 5.90 4.75 5.41 5.25 0.02 0.76 0.27 
7 5.89 5.75 5.98 5.66 0.78 0.53 0.71 
8 6.12 5.94 6.46 5.60 0.71 0.09 0.05 
9 6.35 5.84 6.65 5.54 0.44 0.05 0.57 
P retention, % of digested P intake 
1 80.8 78.8 80.0 79.6 1.4 0.42 0.90 0.35 
2 89.0 88.3 88.7 88.6 0.67 0.83 0.91 
3 89.5 88.6 89.2 88.9 0.72 0.93 0.28 
4 94.6 94.4 94.3 94.7 0.94 0.90 0.85 
5 94.3 95.0 94.6 94.7 0.78 0.96 0.90 
6 93.0 92.3 93.0 92.3 0.80 0.78 0.68 
7 89.3 88.1 90.9 86.5 0.62 0.08 0.99 
8 90.4 92.6 91.4 91.6 0.38 0.91 0.72 
9 93.3 92.7 94.2 91.8 0.85 0.36 0.85 
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Table 7 ( continued) 
Dietary N and P Regimensa Probb 
Collection 
Item Period CP AP CN AN SEMC p N P*N 
P retention, % of P intake 
1 60.1 54.4 54.9 59.6 2.8 0.18 0.28 0.72 
2 66.7 66.4 66.2 66.9 0.83 0.99 0.26 
3 63.4 66.7 65.3 64.7 0.44 0.89 0.83 
4 70.0 67.7 69.3 68.4 0.59 0.83 0.69 
5 69.3 69.6 66.9 72.0 0.95 0.24 0.54 
6 63.9 63.9 65.1 62.7 0.99 0.56 0.88 
7 60.7 63.2 61.6 62.2 0.56 0.88 0.55 
8 57.7 59.7 59.4 58.0 0.64 0.74 0.06 
9 58.4 57.6 59.6 56.4 0.99 0.58 0.52 
Daily P retention, mg/kg 
BW·1s 
1 524 531 484 571 30 0.88 0.05 0.70 
2 556 517 528 544 0.30 0.85 0.32 
3 453 489 462 480 0.42 0.68 0.70 
4 387 392 398 381 0.92 0.68 0.56 
5 445 408 417 437 0.39 0.65 0.58 
6 573 461 520 514 0.01 0.89 0.30 
7 537 523 540 521 0.75 0.66 0.68 
8 536 517 557 496 0.67 0.16 0.08 
9 527 487 547 468 0.46 0.11 0.70 
a Constant (C) and adjusted (A) N and P regimens. 
b Probability of effects of dietary N and P regimens. 
c Standard error of least square mean. 
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Figure 1. Estimation of the amount of apparent digestible P intake (R, g·kg-1BW·75 ·d-1) needed to maximize the 
efficiency for P retention (L, g·ki1BW·75 ·d-1) and the relative efficiency (U, V) of utilization of digestible N for 




Table 8. Estimation of the apparent digestible P ( dP) intake needed to maximize 
efficiency for body P retention based on a two-slope regression analysis 
(mg·kg-1BW·75·d-1). _ _ 
Criteria 
Symbol Requirement Standard Error 
Dietary dP, mg·kg-1BW·75·d-1 
At maximum efficiency for retention R 563 20 
Body P retention 
At maximum efficiency for retention L 526 16 
Efficiency of dP utilization for retention, % 
At dP intake below R u 95.2 3.8 
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Figure 4. Effect of dietary P and N regimen during each of nine, 2-day collection periods on 
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Figure 5. Effect of dietary P and N regimen during each of nine, 2-day collection periods on. 




Table 9. Estimation of the minimum biological capacity for P excretion at body P 







Total P Excretion 
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aDaily digestible P intakes needed to achieve body P maintenance and maximal efficiency for 
body P accretion were 178 and :s; 564 mg·ki1BW·75·d-1, respectively. 
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Table 10. Phosphorus excreta production and composition 
Excreta P 
Current Commercial 
Item stud/ standardc 
Excreta produced 
Total, g·ki1BW·75/d 
As sampled 470 
Total 470 
Solids, g·kt1BW·75·d-1 7.8 
Excreta composition 
Solids, g/liter 17.1 
P, g/liter 0.56 
264 180 
Daily total P in slurry mg/kg BW0·75 mg/kg 
a Pigs fed dietary regimen containing highly digestible feedstuffs at intakes that resulted in 
the achievement of minimal P excretion and high rates of P accretion. 
cASAE Standards, 1994. 
e Actual P excretion composition calculated from conditions in the present experiment. 
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CHAPTER 5. CONCLUSIONS 
Results from this experiment indicate high lean pigs require a higher, 125 to 150%, 
dietary available P intake than current recommendations that are based on a slower growing 
genotype. Pigs fed inadequate dietary P deposit more fat and less protein than pigs supplied 
with adequate dietary P. Furthermore, minimum P excretion can be achieved by lowering the 
dietary P concentration to closely match the pig's requirement while maintaining sufficient P 
retention. Thus, pigs fed to meet but not exceed their P requirement for maximal efficiency 
of P retention will contribute little to total P excretion without a loss of production or 
efficiency. 
